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TOXICITY OP ALUMINUM ON SEEDLINGS AND ACTION OF 
CERTAIN IONS IN THE ELIMINATION OF THE 
TOXIC EFFECTS' 

Walter S. Eisenmenger 
(with four figures) 

Introduction 

The physiolojjHcal action of ahimiiium ions in a nutrient medium has 
been studied in humid areas for approximately 25 years. The relative 
abundance in the earth of this element would suggest frequent solution of 
portions, but the solution tension of aluminum compounds in nature pre- 
vents appreciable quantities from reaching the ionic stage. It has been 
found, however, that aluminum occurs in nearly all seed plants, which would 
indicate that the hydrogen ion concentration in the immediate area of roots 
is not the same as its concentration in the soil mass. 

The toxicity of aluminum is not so easily determined as is the toxicity 
of the salts of the alkali and alkali earth elements. This is due to the fact 
that the salts of aluminum which are appreciably soluble are those of the 
strong acids, and these salts in turn are strongly hydrolyzed in aqueous 
solution, resulting in secondary formation of an -acid. This in turn gives 
rise to hydrogen ions. The trials made may result in part from the 
measurement of the sum total of hydrogen and aluminum ion toxicity. 
This may occur in water or in soil media. ^ 

McLean and Gilbert (16) found that the i^rjfanic compound, aluminum 
citrate, would in part pass through a pyroxMin mel^brane, and that the 
n on-diffusible colloid portion could induce toxicity. ^ 

In general the object of these experiments was to fi^ttempt to ascertain 
the action of aluminum on plants. It W’as hoped to determine : (1) the tox- 
icity of aluminum salts of organic acids (these salts do not precipitate 
aluminum hydroxide when the alkalinity is raised) ; (2) the counter-active 
3 Contribution of the Massachusetts Agricultural Experiment Station no. 175. 
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effects of aluminum toxicity by the presence of a certain anion (OH)"*, and 
cations Ca^"^ and K^. 


Review of literature 

The trials to determine the action of aluminum on plants in nutrient 
solutions and in soil have been numerous. The harmful effects of the alumi- 
num ion in water are not difficult to demonstrate, but when attempts are 
made with a three phase and heterogeneous medium such as soil, where the 
varied hydrogen ion concentration, adsorptive properties, varied quantities 
if water, and diverse activity of microorganisms enter the picture, the matter 
is largely one of circumstantial evidence with respect to evaluating the dele- 
terious effects of aluminum. 

The reaction of plants to aluminum is in a measure dependent upon their 
degree of adaptation to their habitat. Thus plants which are closely related 
to those of the prehistoric past subsist on less potassium, calcium, and mag- 
nesium and have in their ash abundant quantities of aluminum, iron, and 
silica. Stoklasa (27) has found that xerophytes and mesophytes are sen- 
sitive to aluminum while hydrophyt'^s are to a greater degree resistant to 
the element. One of the lycopods contains slightly more than 35 per cent, of 
aluminum oxide in its ash, while a plant like the' common pea may contain 
but 20 p.p.m. in the ash (2). Mesophytes that by chance grow in a medium 
of moist or marshy ground contain more aluminum than those adapted to 
cultivated soil. 

The harmful effects of aluminum as suggested by Stoklasa (29) are 
contractions of the protoplasm, and stronger solutions may soften or even 
dissolve this substance. He found that when strong harmful concentrations 
were used there was less aluminum absorbed by the plant than when more 
dilute solutions were used, and from this concludes that the process is not 
one of simple absorption but one of alteration of permeability and dis- 
turbance of the cell colloids. This eventually leads to outward passage of 
calcium, potassium, and magnesium. The aluminum in turn prevents en- 
trance of excessr iron into the tissues. Skeen (26) has found that calcium 
ions have an antagonistic effect upon the aluminum which causes the toxicity. 
Also McLean and Gilbert (15) have demonstrated that aluminum poison- 
ing was accompanied by reduced absorption of dyes, of nitrates, and of 
water. The aluminum was found for the most part in the cortex and con- 
centrated in the nucleus of the protoplasm. 

Rupreoht (23) states that the first layer or two of cells in the growing 
part seem to be principally affected. The harm was probably due finally to 
lack of nourishment rather than to poisoning itself. Szucs (31) concludes 
that aluminum, like yttrium and lanthanum, has the capacity to retard plas- 
molysis instead of increasing permeability as was formerly thought. This 
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effect is to retard the relative capacity to take up other nutrients. It solidi- 
fies protoplasm. Denison ( 7 ) found that aluminum salts stimulate am- 
monifying organisms but act adversely upon nitrifying bacteria. Mc- 
George ( 13 ) finds that sugar cane grown in acid soils containing soluble 
iron and aluminum is characterized by abnormal accumulations of these 
elements in the nuclei surrounding the xylem cells at the nodal point of the 
stalk. Magistad ( 17 ) states that water cultures of aluminum were found to 
prevent the formation of lateral rootlets on barley, but not on rye. 

Increased growth response due to aluminum. — ^Rothert ( 22 ), one of 
the first investigators of aluminum toxicity, reported that definite limited 
amounts of aluminum salts may stimulate plant development. McLean and 
Gilbert ( 16 ) found that concentrations of aluminum in solutions of low con- 
centration, such as 3-13 p.p.m., stimulate growth. Sommer ( 26 ), by careful 
purification of salts, found that millet showed a markedly increased growth 
rate due to the presence of aluminum in the solution. The effect was espe- 
cially marked with respect to the quality of the seeds. Maz6 ( 18 ), also by 
using extreme care in purification of salts, found aluminum essential for 
adequate development of corn. Stoklasa ( 28 ), by using a low’ concentra- 
tion (0.0002 atomic weight of aluminum per liter) obtained increased 
grow’th of plants as compared with those solutions containing no aluminum. 

In the plant world there is obviously an extreme variance of tolerance 
and requirement as concerns elements; and a generalization or incompatible 
comparison is always misleading. The indirect effects of aluminum may 
not be due to the aluminum but to the acidity produced by the salt. This 
is especially true for the aluminum salts of strong acids. 

CoviLLE (6), in order to attain a high acidity for acid loving plants. 
Rhododendron, Yaccinium, Franklina, and Hydrangea, added aluminum 
sulphate and obtained remarkable results in soils that had become too 
alkaline. 

Conditions conducive to active aluminum. — Active aluminum is 
found more abundantly (1) in acid soils, (2) in soils low in organic matter, 
(3) in humid areas w^hen the seasonal water supplies are low, and (4) in 
arid regions when the alkalinity becomes high. Stoklasa ( 30 ) states, ‘‘the 
richer the soil in decomposed organic matter the stronger the combination 
of aluminum sulphate and aluminum chloride which can be used without 
injury to plant life. Gilbert and Pember (9) found the dry weight yields 
of barley plants grown in samples of acid soils from several soil types, 
widely separated geographically, very closely correlated with active alumi- 
num. This corresponds with the findings of Pierre, Pohlman, Gordon, and 
McIlvaine ( 21 ). Turner ( 34 ) found that aluminum is invariably actively 
present only in soils with pH values less than 5.1. The amount of replace- 
able aluminum, however, is not regular with respect to hydrogen ion con- 
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cent rat ion. Miyake ( 20 ) reports that tlie toxicity of aluminum chloride 
for rice seems to be approximately equal to that of hydrochloric acid of 
the same normality, but that the concentration of hydrogen ions found 
formed by the hydrolysis of aluminum chloride is less than that formed by 
dissociation of hydrochloric acid of the same normality. 

It is stated by Magistad ( 17 ) that data relating to the solubility of alu- 
minum in water and soil solutions show that at pH 5 there are 1-2 p.p.m. 
of aluminum oxide e((uivalent in solution. As the acidity decreases to the 
neutral point the solubility decreases almost to zero. Wlien the acidity 
becomes greater than pll 5 the solubility increases until pH 4.5 is reached, 
at which point the solubility increases rapidly. Strongly alkaline soils 
were found to contain much aluminum. One, at pH 9.01, contained 31 
p.p.m. These data are analogous to those of Ligon and Pierre ( 11 ). 

McGeokge ( 13 ) states that acidity per se or hydrogen ion concentration 
of the intensity present in our most acid soils lias absolutely no influence 
upon growth of sugar cane. It is, he states, the aluminum salts which are 
present in such soil types that retard plant growth. McGeorge, Breazeale, 
and Burgess ( 14 ), in their work on electrometric titration measurements 
of the solubility of aluminum compounds at different hydrogen ion concen- 
trations, conclude that from pH 5 to 7.5 aluminum is almost completely 
insoluble, while at pH 8 the aluminate forms. Black alkali soils contain 
appreciable amounts of water soluble aluminates. 

Tolerance of different plants. — ^McLean and Gilbert ( 15 ) found 
considerable variance in plant tolerance. Most sensitive are lettuce, beets, 
timothy, and barley ; medium sensitive are sorghum, cabbage, oats, and rye ; 
resistant are corn, turnips, and red top (the last is esjiecially resistant). 
Skeen ( 25 ) found the white lupine to be about three times as resistant to 
aluminum as is the kidney bean. 

Kemedtal measures for aluminium toxicity. — The suggestions tliat 
have been made for alleviating the toxicity of aluminum have been the ap- 
plication of neutralizing agents and buffers. Also the calcium ion has been 
demonstrated to overcome it (25). It has been found that lime, phosphate, 
and organic matter remedy the bad effects of aluminum. In reclamation 
of alkaline lands summer leaching has been suggested for elimination of 
soluble aluminum compounds. 

Other workers have made valuable suggestions as to active aluminum 
occurrence and agencies for its elimination ( 5 , 10 , 19 , 7 , 20 , 3 , 4 , 1 , 24 ). 

Opponents of theory of aluminum toxicity in soils. — Owing to the 
apparent action of aluminum in acid solutions and soils, the question has 
been raised as to which ion, the H+ or Al-^% is the one that is destructive to 
plant tissue. Thus after years of experimentation, adversaries of the alu- 
minum toxicity theory maintain that inaccurate observations account for 
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the appraisal of this element in toxicity. Stoklasa ( 30 ) says: ^‘The state- 
ment that aluminum compounds in the soil have an injurious effect on plant 
growth is based on no exact experimental foundation.’’ Line ( 12 ) states 
regarding the toxic aluminum theory of soils that ‘^old evidence and fresh 
experimental work seem to show that this theory is no longer tenable, ’ ’ that 
most of the aluminum in the water is in the form of colloidal hydroxide. 

Methods 

Aluminum citrate and aluminum tartrate were the salts used. Seed- 
ling stages of the soy bean (variety Maiichu), corn (variety Sweepstakes), 
and Japanese buckwheat were the plants employed in the growth trials. 

The seeds were germinated in a dish in the dark, and when the sprouts 
were about 10 mm. long they w’ere transferred to the growth medium. 
The sprouts of the buckwheat w ere about 8 mm. long. The roots dipped into 
the solution. 

Criteria of growth. — Three criteria of growth w^ere used: (1) root 
elongation, (2) length of to]), and (Jl) total dry w’cight. There is greater 
simplicity with respect to behavior in the seedling stage than in the later 
periods of growth. In the early stages of grow^th the plant is well supplied 
by ions, and the organic matter of the seed is sufficient to afford protection 
from starvation of plants grown in distilled water. The protoplasm seems 
to be reactive to the toxic constituents of the solution. 

The investigation involved the toxicity of aluminum citrate for corn; 
idurninum citrate and tartrate for soy beans; and aluminum tartrate for 
buckwdieat. The concentration of each salt ranged from 0.00012 to 0.006 M, 
or 2, 5, 15, 30, 50, 70, 85, 95, 98, and 100 per cent, of 0.006 M. Tests w^ere 
also made to show the effects upon growth of mixtures of the aluminum salt 
and calcium nitrate, calcium hydroxide (freshty prepared), and potassium 
hydroxide. In the case of tlio mixtures eleven sets of percentage molecular 
proportions were used: 0 i 100, 2 + 98, 5 + 95, 15 h85, 30 ^ 70, 50 + 50, 
70 + 30, 85 + 15, 95 i 5, 98 2, and 100 + 0. 

The methods relating to roots were essentially the same as those de- 
scribed by Trelease and Trelease ( 32 ) and by Eisenmenger ( 8 ). For 
each culture tw^o pyrex beakers (tall form without lip) were used. The 
smaller beaker was of 300-cc. capacity, the larger of 600-cc. capacity. Over 
the top of the small beaker was stretched a piece of paraffined mosquito 
netting wliich was secured below the rim by a ligature of paraffined thread. 
The smaller beaker w^as placed inside the larger one, and the culture solu- 
tion w^as poured in until the liquid levels inside and outside the smaller 
beaker were even at its top. 

When the seedlings from the germinating dish w^ere of the required 
lengtli they were placed on the mosquito netting so that the roots dipped 
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into the culture solution. Duplicate cultures of 25 plants were used for 
each experimental solution, a total of 50 plants for each concentration. The 
cultures were placed in a dark room and the seedlings were allowed to grow 
until the primary roots of the control culture had acquired an average 
length of about 95 mm., or until these roots had elongated 85 and 87 mm. 
(95-10 or 95-8). 

The length of the primary root, the maximum length of top, and the 
total dry weight of each individual plant were then recorded and the aver- 
age computed. From the average of root length was deducted the average 
length of the roots at the time the seedlings were taken from the germinating 
dish. The difference constituted the average root elongation value for the 
culture. The growth data here presented are relative values. Each rela- 
tive growth value was obtained by dividing the average elongation of root, 
top, and total dry weight of a given culture by the average elongation of 
root, top, and total dry weight of the control culture and multiplying this 
quotient by 100. With each group were four beakers containing 25 plants 
each in a complete nutrient medium. These 200 plants were designated as 
controls. For corn the control w'as Knop’s solution. For soy beans and 
buckwheat the control contained: CaHP 04 , 0.0011 M; MgS 04 , 0.0057 M; 
CaS 04 , 0.0013 M ; KOI, 0.0037 M ; and KNO^, 0.007 M. There was little dif- 
ference in the controls with respect to reactivity toward plants, but for soy 
beans the latter was slightly more favorable than was Knopfs. 

The temperature during the growth period of the seedlings varied from 
21° to 22° C. The time required for the roots of the control solution to 
acquire an additional length of 85 or 87 mm. varied from 95 hours for buck- 
wheat to 116 hours for corn. AVhen a series of single salt solutions was used, 
two additional cultures of 25 plants each grown in distilled water were 
used. The distilled water was obtained from a Barnstead still. 

Discussion 

Corn 

Roots. — As previously stated, com has been regarded as one of the 
plants more resistant to aluminum toxicity. In the present experiment, 
however, 15 per cent, of 0.006 M aluminum citrate exerted a decidedly re- 
tarding effect on the growth of corn roots. This amount is approximately 
equal to 22 p.p.m. of aluminum (fig. IB). Amounts higher than this ex- 
erted only a slightly increased toxicity on roots compared with that at 15 
per cent, of 0.006 M. The plants thus affected showed lesions of the primary 
root principally. The end of this root eventually assumed the nature of an 
open wound. The lateral roots showed no such effects except those branch- 
ing from near the injury. (See table I for comparative data.) 
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TABLE I 

Growth op corn seedlings in solutions op aluminum citrate 


Roots 

1 

i Tops 

Dry weight 

Percentage 0.006 M 

ALUMINUM citrate 

Reaction 

% 

% 

% 

% 

pH 

66.3 

53.8 

68.4 

0 

6.82 

83.5 

62.1 

88.0 

2 

4.75 

48.6 

51.1 

76.6 

5 

4.50 

24.8 

50.9 

67.7 

15 

4.50 

18.7 

32.5 

52.1 

30 

4.50 

12.6 

' 32.2 

47.1 

50 

4.05 

16.8 

29.4 

47.5 

70 

3.64 

11.4 

29.4 

39.0 

85 

3.55 

1 J .9 

i 22.4 

39.5 

95 

3.55 

13.3 

i 24.9 

42.5 

98 

3.50 

7.2 

' 13.4 

34.9 

100 

3.43 


Boots are by far the most injured by the toxic solution ; their variation 
due to variable concentration causes more marked breaks in the growth 
curve than is the case with curves of the relative length of tops and curves 
of the total dry weight. Thus the relative length of tops and relative total 
dry weight (fig. 1 B,C) indicate that the greatest deviation occurs between 
concentrations of 15 and 30 per cent, of 0.006 M, while the greatest devia- 
tion in relative root length occurs between 5 and 15 per cent, of 0.006 M. 

Tops and total dry weight. — The relative diminution due to aluminum 
citrate is greater for the tops than for total dry weight. In view of the 
fact that the diminution of relative length of roots is most pronounced, 

TABLE II 

Growth of corn seedlings in solutions of calcium hydroxide 


Roots 

Tops 

Dry weight 

Percentage 0.006 M 

CALCIUM hydroxide 

Reaction 

% 

% 

% 

% 

pH 

66.4 

53.9 

68.8 

0 

6.61 

93.1 

55.2 

75.2 

2 

7.85 

117.1 

68.4 

87.5 

5 

7.85 

121.6 

74.3 

97.9 

15 

9.0 

111.7 

80.2 

! 82.6 j 

30 

9.6 

80.5 

63.6 

88.0 i 

50 

9.6 

57.7 

' 53.9 

79.5 

70 

9.6 

32.0 

j 28.9 

62.3 

85 

1 9.6 

25.0 

30.6 

71.1 

95 

9.6 

26.1 

37.6 

69.5 

98 

' A* 

26.9 

44.9 

71.2 

100 

1 


* A indicates values greater than preceding figure. 
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TABLE III 

Growth or corn seedlings in solutions of aluminum citrate + calcium hydroxide 


Roots 

Tops 

, 1 

JlRY weight 

Percentage 0.006 M 
aluminum citrate 

Percentage 0.006 M 

CALCIUM hydroxide 

Reaction 

% 

% 

% 

% 

% 

pTr 

27.0 

44.9 

71.2 

0 

100 

\ 

23.0 

50.0 

77.0 

o 

98 

9.0 

1 6.8 

46.6 

82.0 

5 

95 

9.0 

41.7 

66.5 

113.4 

15 

85 

8.8 

84.5 

69.2 

100.7 

30 

70 

8.37 

126.7 

78.3 

110.6 

50 

50 

5.60 

94.5 

57.2 

78.9 

70 

30 

4.18 

42.2 

36.1 

62.5 

85 

15 

3.70 

14.0 

20.6 

49.1 

95 

5 

3.40 

12.4 

11.3 

42.5 

98 

2 

3.40 

Cl 

13.4 

34.6 

100 

0 

1 

3.43 


* V indicates values above pH 9.0. 


it is probable that the plants affected contained less water or had more 
thickened anatomical parts than the normal plants, as is the case in some 
pathological conditions. The corn grown in the higher alnminum concen- 
trations probably was competing more for water than were normal plants. 

Mixtures of aluminum citrate and calcium hydroxide. — In growing 
plants in mixtures of the salts of the more electro-positive elements, the 
relative effects are more easily shown, for the growth effects are for the most 
part those produced by the cations. When mixtures containing aluminum 
salts are concerned a more complex relationship is introduced, owing to the 
secondary products of hydrolysis. Tims in the solutions of all aluminum sails 

TABLE IV 

Growth of corn seedlings in solutions of calcium nitrate 


Roots 

Tops 

Dry weight 

Percentage 0.006 M 

CALCIUM nitrate 

Rfaction 

% 

% 

% 

% 1 

pH 

66.4 

53.8 

68.8 

0 

6.61 

96.1 

82.1 

89.5 

o 

1 6.67 

94.1 

82.1 

95.9 

5 

6.37 

99.9 

97.0 

97.8 

15 

6.30 

92.3 

97.8 

97.4 

30 

6.25 

78.9 

85.8 

76.7 

50 

6.25 

83.0 

90.7 

83.3 

70 

6.14 

87.8 

93.1 

91.9 

85 

5.95 

81.1 

84.3 

88.6 

95 

5.95 

78.0 

93.4 

83.6 

98 

5.95 

75.5 

78.1 

77.0 

100 

5.51 
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TABLE V 

Growth of corn seedlings in solutions op aluminum citrate + calcium nitrate 


Boots 

Tops 

Dry weight 

Percentage 0.006 M 
aluminum citrate 

Percentage 0.006 M 
calcium nitrate 

Eeaction 

% 

% 

% 

% 

% 

pE 

75.5 

78.1 

77.0 

0 

100 

5.07 

88.7 

00 

71.3 

2 

98 

4.33 

77.3 

76.1 

70.8 

i 

95 

4.05 

55.7 

65.7 

62.8 

15 

85 

3.85 

62.4 1 

63.9 

70.5 

30 

70 

3.68 

45.9 ! 

46.6 

54.0 

50 : 

50 

3.66 

32.2 

4] .6 

57.9 

70 

30 

3.50 

20.2 

35.2 

57.5 

85 

35 

3.50 

10.3 

17.7 

40.8 

95 

5 

3.50 

3.6 

12.4 

30.3 

98 

2 

3.50 

7.2 

13.4 

34.9 

300 

0 

3.51 


the cation gives rise to hydrogen ions in measurable quantities. We are 
not dealing with two elements, which are cations, but in addition the cation 
hydrogen ions in excess of liydroxyl anions. The influence of the additional 
ions renders interpretation of relative growth data more dilBcult. In this 
investigation growth data were compared when corn seedlings were grown 
in aluminum citrate alone, in calcium hydroxide, and in mixtures of the 
two compounds. Tlie total molecular concentration was not changed, 0.006 
M of calcium hydroxide and aluminum citrate. 

In order to express more adequately the effects of these compounds when 

TABLE VI 

Growth of corn seedlings in solutions of aluminum citrate + potassium hydroxide 


Boots 

Tops 

Dry aveight 

1 

Percentage 0.006 M j 
aluminum citrate 

Percentage 0.006 M 

; POTASSIUM 

hydroxide 

Beaction 

% 

% 

% 

% 

% 

pH 

13.6 

52.» 

79.8 

0 

100 

9.8 

31.7 

52.3 

77.8 

2 

98 

9.7 

16.7 

36.1 

65.8 

5 

95 

9.7 

18.5 

38.4 

74.5 

15 

85 

9.6 

25.2 

49.0 i 

79.1 

30 

70 

9.0 

73.8 

69.6 

94.3 

50 

50 

8.36 

32.0 

43.5 

68.0 

70 

30 

6.00 

14.3 

36.5 

70.4 

85 

35 

4.15 

11.9 

29.2 

67.1 

95 

5 

3.84 

12.1 

25.6 

64.1 

98 

2 

3.45 

7.2 

13.4 

34.9 

100 

0 

3.43 
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Ay By Cy By E, F .* Eloiigatioii of corn roots and tops together with total dry weight 
in simple solutions and mixtures of aluminum citrate and calcium hydroxide, also in sim- 
ple solutions and mixtures of aluminum citrate and calcium nitrate. Ordinates represent 
percentages of elongation and totJil dry weight; abscissas represent percont.age molecular 
proportions of 0.006 M. 
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in mixture, it is essential to know what is the effect of calcium hydroxide 
when used singly (see table II). The molarity was based on 0.006 M cal- 
cium hydroxide. The curve (fig. 1 A) would indicate that low concentra- 
tions of calcium hydroxide are stimulating to growth but that at higher 
concentrations the relative growth curve rapidly falls for the relative root 
length, and to a lesser degree for tops and total dry weight. The dele- 
terious effect is not to a great extent due to the calcium ion, but rather to 
the hydroxyl ion. For all cases the range of toxicity is greater for the 
aluminum salt than for the calcium base (fig. 1 A, B, C). 

One of the most outstanding characteristics of growth relationships is 
the abnormal stimulation to growth of roots in the seedling stage when the 
plants are grown in mixtures of aluminum citrate and calcium hydroxide 
(table III). In part this is due to the neutralization of the acidic proper- 
ties of the aluminum comi^ounds. The neutralization is not the cause of the 
increased growth, however, for roots and total dry weight are greater than 
the growth results witli either the aluminum salt or the calcium base. This 
reaction does not confine itself to single groups, but applies to all plants 
used in the experiment, which represent the mean of thousands of plants. 
It would seem that a neutral salt would indicate the effect of calcium ion 
without the accompanying neutralization of the hydroxyl ion. 

It may be stated that the combined action of the hydroxyl ion and the 
calcium ion results in a marked effect in overcoming the toxicity of the 
aluminum and the hydrogen ions in growth trials. 

Growth results of mixtures of calcium nitrate and aluminum 
CITRATE. — In single salt solutions one of the salts least toxic to seedlings is 
calcium nitrate in dilute solutions (8). The low toxicity makes it difficult to 
secure consistent growth results (table IV) . The growth of corn seedlings in 
varying percentage proportions of 0.006 M was not greatly reduced from that 
of the controls. It does not modify to any degree the hydrogen ion concentra- 
tion of a medium in which it is placed. When various molecular propor- 
tions of calcium nitrate and aluminum citrate are mixed, the results indicate 
that the aluminum ions and hydrogen ions increase the toxicity of the 
solution as compared with the results obtained from the calcium nitrate salt 
used singly, but that the calcium salt ameliorates the toxic effects of the 
aluminum ion. It can definitely be stated that the calcium ion exerts an 
antagonistic action on the aluminum ion as concerns growth promotion. As 
is shown by the relative growth promoted by the addition of calcium and 
hydroxyl ion formed, however, the nearly neutral salt in no instance has 
the extreme action that is seen when calcium oxide is used instead of the 
nitrate (fig. 1 D, F and table V) . 

Aluminum citrate and potassium hydroxide. — ^Potassium hydroxide 
was used in mixtures with aluminum citrate to determine to what extent it 
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TABLE VII 

Growth of corn seedlings in solutions of citric acid equivalent in acidity to 

CORRESPONDING ALUMINUM SALT 


Roots 

Tops 

Pry WEIGHT 

Equivalent in pH of 
ALUMINUM citrate 
percentage 0.006 M 

Reaction 

% 

% 

% 

pH 

pB 

66.4 

53.9 

68.8 

0 

5.82 

72.3 

68.6 

77.8 

2 

4.75 

89.0 

62.4 

65.4 

5 

4.50 

72.2 

75.6 

83.3 

15 

4.50 

70.1 

81.6 

93.1 

30 

4.50 

51.4 

66.5 

78.0 

50 

4.05 

34.1 

39.9 

70.7 

70 

3.64 

25.0 

45.5 

57.3 

85 

3.55 

4.5 

25.2 

45.4 

95 

3.55 

15.7 

42.2 

60.9 

98 

3.50 

10.2 

41.7 

54.8 

100 

3.43 


would resemble calcium hydroxide in growth promoting properties when 
mixed with the same aluminum salt. In no instance did it cause the abnor- 
mally large growth which occurred with the calcium base. There was low 
toxicity over a wide range of concentration of the mixture as shown by 
total dry weight. For roots and tops a point was attained where marked 
improvement occurred, 50 per cent, of 0.006 M of each component. On one 
side of this point the hydrogen and aluminum ions were apparently too 

TABLE VIII 

Growth of soy bean seedlings in solutions of ALl'^tINUM 

TARTRATE + POTASSIUM HYDROXIDE 


Roots 

Tops 

Dry weight 

Percentage 0.006 M 

ALUMINUM citrate 

Percentage 0.006 M 
potassium 

HYDROXIDE 

Reaction 

% 

% 

% 1 

% 

% 

pE 

16.9 

38.1 

49.4 

0 

100 

9.8 

8.6 

34.7 

47.8 * 

2 

98 

9.4 

18.2 

38.5 

50.8 

5 

95 

9.2 

10.1 

41.4 ' 

65.8 1 

15 

85 

9.0 

67.8 

64.4 

62.4 j 

30 

70 

9.0 

14.2 

28.9 

47.2 

50 

50 

7.66 

6.0 1 

17.8 

36.9 

70 1 

30 

5.30 

3.0 

13.9 ' 

36.4 

85 

15 

4.15 

4.3 

11.0 

29.3 

95 

5 

3.85 

1.4 

11.8 

26.2 

98 

2 

3.56 

4.8 

18.0 

31.4 

100 

0 

3.45 
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CORN 



HKCeHsOy) 0 20 40 60 80 100 AlfCeHsOr) 0 20 40 60 80 100 

KOH too 80 60 40 20 0 CsHrOt 100 80 60 40 20 0 


Aluminum Citrate 
Otnc Acid 



AkfCiMkh 0 20 40 m 80 m /Vt(C4Mi.)3 0 20 40 <50 80 100 

KOH m 80 60 40 20 0 100 80 60 40 20 0 

Aluminum Tartrate 

Tartaric Acid 

C D 

Fig. 2 

A: Elongation of corn roots and tops together with total dry weight of corn seed- 
lings grown in simple and mixed solutions of aluminum citrate and potassium hydroxide. 

ii; Elongation of corn roots and tops in addition to total dry weight of seedlings 
grown in aluminum citrate, and in citric acid, the latter of sufficient concentration to 
make the acid solution of pH equal to the corresponding aluminum salt solutions. 

C: Elongation of soy bean roots and tops in addition to dry weight of seedlings 
grown in simple and mixed solutions of aluminum tartrate and potassium hydroxide. 

D: Elongation of soy bean roots and tops in addition to total dry weight of seed- 
lings grown in aluminum tartrate and tartaric acid. Concentration of the acid was 
sufficient to make it of pH equal to the corresponding salt solutions. 

active, with little antagonism of the potassium ion toward the aluminum; 
and on the other side the alkalinity was too pronounced. The general out- 
line of the curve would suggest a point of neutralization for best relative 
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growth with meager action of potassium in retarding tlie influence of alumi- 
num (fig. 2 A and table VI) . 

Comparative effect of aluminum citrate and corresponding citric 
ACID. — Some controversy has arisen regarding the extent to which the hy- 
drogen ion causes the deleterious effects in aluminum toxicity experiments. 
In order to make an approximate comparison, corn seedlings were grown in 
water solutions that were made acid with citric acid to the same extent as 
were the corresponding aluminum citrate solutions. This was done by com- 
paring indicator reactions. In the extremes of low concentration the growth 
was not very different. As the concentration of the salt and the acid in- 
creased there was a gradual fall in the relative growth. The fall in the 
growth curve (fig. 2B) is more rapid for the aluminum salt than for the 
corresponding acid. Thus at 50 per cent, of 0.006 M, the relative growth 
value of corn roots for aluminum salt is approximately 12 as compared with 
51 for the acid (see table VII) . At 30 per cent, of the same total concentra- 
tion for the total aluminum salt concentration on corn roots the value is 
about 18, and for the acid, 70. This w^ould suggest that the toxicity of alu- 
minum is always augmented by hydrogen ions, but the relative effects are 
not nearly of equal value. It may be stated that much of the actual toxicity 
of aluminum salts is due to the aluminum ion. 

Soy beans 

Soy beans were grown during the seedling stage in various percentage 
proportions of 0.006 M aluminum tartrate and citrate. Aluminum tartrate 
contains proportionately twice as much aluminum as does the same molarity 
of aluminum citrate. Tartaric acid is a dibasic acid, while the citrate is a 
salt of a tribasic acid. 

Roots. — At a concentration of 5 per cent, of 0.006 M aluminum tartrate, 
the toxicity toward the root system is nearly equal to the maximum, equiva- 
lent to about 16 p.p.m. of aluminum. 

Tops and total dry weight. — The maximum toxicity as indicated by 
tops and total dry weight is not attained until the plants are grown in a 
concentration equal to 30 per cent, of 0.006 M. This is only slightly less 
than 100 p.p.m. (fig. 3 B, C), At this concentration and higher the roots 
seemingly did not grow at all. 

As with corn, the soy beans were grown in solutions containing fractional 
parts of the total molecular concentration, 0.006 M calcium hydroxide. At 
moderately low concentrations there is a marked stimulation to growth in 
the seedling stage. This increase is measurably greater than that of the 
control. Although soy beans have been classified as of low lime requirement 
(33), concentrations of calcium hydroxide equivalent to 0.0018 M of cal- 
cium appear to augment growth above the control for roots of the beans. 
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TABLE IX 

Growth of soy bean seedlings in solutions op tartaric acid 


Roots 

Tops 

Dry weight 

Tartaric acid equiva- 
lent to pH of corre- 
sponding percentage 
op aluminum salt 

Reaction 

% 

% 

% 

% 

pH 

59.6 

73.3 

76.8 

0 

6.61 

32.8 

55.5 

87.4 

2 

4.45 

32.4 

49.4 

84.5 

5 

4.44 

17.8 

40.1 

88.9 

15 

4.25 

32.1 

55.7 

95.8 

30 

3.80 

15.5 

33.0 

73.2 

50 

3.62 

5.9 

27.5 

61.4 

70 

3.54 

8.3 

29.7 

56.2 

85 

3.54 

11.9 

33.6 

61.3 

95 

3.45 

6.9 

24.6 

65.8 

98 

3.49 

7.5 1 

38.8 

66.8 

100 

3.45 


Above this concentration the growth of roots falls rapidly. The various con- 
centrations of calcium oxide do not materially affect the relative growth of 
tops and total dry weight. The lowest concentration is not appreciably dif- 
ferent in affecting growth promotion from that of the highest concentration. 

Mixtures of aluminum tartrate and- calcium hydroxide. — ^When the 
aluminum salt and the calcium base are mixed in various proportions the 
growth stimulation properties are changed. The marked relative growth is 
indicative when the proportions of 0.006 M are 30 per cent, of the aluminum 
salt and 70 per cent, of the base. The pH of the solution promoting maximum 

TABLE X 

Growth of soy bean seedlings in solutions op aluminum tartrate 


"i 

Roots i 

1 

1 Tops 

Dry weight 

Percentage 0.006 M 
aluminum tartrate 

Reaction 

% 

% 

% 

% 

pH 

59.7 

73.3 

76.8 

0 

6.61 

21.4 

, 66.7 

61.6 

2 

4.75 

10.9 

1 42.5 

50.9 

5 

4.44 

9.8 

! 36.8 

52.9 

15 

4.25 

4.5 

! 26.9 

33.2 

30 

3.80 

6.6 

22.5 

34.8 

50 

3.62 

0.4 

1 20.9 

32.2 

70 

3.54 

0.5 

17.5 

29.0 

85 

3.54 

3.0 

25.0 

29.5 

95 

3.45 

0.5 

9.9 

31.9 

98 

3.45 

4.8 

1 

18.0 

31.4 

100 

3.45 
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60 40 20 O CaOt/OsM /OO SO 60 40 20 O 

£ Fig. 3 F 

A, B: Elongation of roots and tops of soy beans grown in simple and mixed solu- 
tions of aluminum tartrate and calcium hydroxide. Ordinates represent percentages of 
elongation for standard solution; abscissas represent percentage molecular proportions 
of 0.006 M. 

C: Dry weight of soy beans grown in simple solutions and mixture of aluminum 
tartrate and calcium hydroxide. 

D: Elongation of roots of soy beans grown in simple salt solution and mixtures 
of aluminum citrate and calcium nitrate. 

M : Elongation of tops of soy beans grown in single salt solutions and in mixtures 
of aluminum tartrate and calcium nitrate. 

F ; Dry weight of soy beans grown in single salt solutions and mixtures of 
aluminum tartrate and calcium nitrate. Ordinates represent percentages of elongation 
and total dry weight; abscissas represent percentage molecular proportions of 0.006 M. 
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TABLE XI 

Growth op soy bean seedlings in solutions op calcium hydroxide 


Roots 

Tops 

JIry weight 

Percentage 0.006 M 1 
calcium hydroxide 

Reaction 

% 

% 

% 

% 

pH 

59.7 

73.3 

76.8 

0 ! 

6.61 

78.7 

55.5 

73.0 

2 ' 

7.85 

50.0 

53.2 

67.6 

5 ’ 

7.85 

in.2 

S3.0 

77.3 

i 15 

8.10 

120.0 

70.9 

1 74.6 i 

1 30 

9.7 

44.2 

66.8 1 

1 84.3 

j 50 

1 9.7 

38.3 

59.1 ! 

! 07.5 

i 70 

1 9.7 

27.0 

70.1 1 

88.7 

85 

9.8 

35.1 

60.4 1 

1 76.8 1 

1 95 1 

1 9.8 

24.2 

53.5 

64.6 

98 i 

1 A 

30.5 

64.7 

82.5 1 

1 100 

i 

! A 

1 


growth in single calcium hydroxide solutions was slightlj^ above 9 (table XI) . 
The pH of the mixture solution yielding best relative growth was about 6.5 
(table XII) . The beneficial effects of the mixture were in part due to calcium 
ion with an accompanying optimum pH for this particular concentration. 
The abrupt drop in growth curve suggests neutralization. It might be added 
that calcium hydroxide and aluminum salts are the only mixtures used that 
yield results in which the stimulation to growth in some instances is higher 
than that of the controls. The writer has not a positive explanation as of be- 
havior. The comiiarison is made with mixtures of aluminum salt and cal- 

TABLE XII 

Growth of soy bean seedlings in solutions of aluminum 

TARTRATFH CALCIUM HYDROXIDE 


Roots 

Tors 

1 

' Dry weight 

Percentage 0.006 M 

ALUMINUM tartrate 

Percentage 0.006 M 

CALCIUM HYDROXIDE 

Reaction 

% 

% 

% 

% 

% 

pH 

36.6 

64.7 

82.5 

0 

100 


35.3 

62.2 

1 79.9 

2 

98 


31.4 * 

59.4 

72.8 

5 

95 


54.1 

81.1 

, 80.1 

1 15 

85 

7.65 

-118.1 

104.3 

1 100.8 

30 

70 

6.50 

71.5 

65.4 

70.3 

50 

50 1 

5.66 

10.3 

25.4 1 

48.9 

70 

30 

4.18 

1.2 

11.8 

38.6 

85 

15 

3.70 

0.0 

10.0 1 

31.0 

95 

5 

3.60 

1.3 

12.0 

33.5 

98 

o 

3.60 

4.8 

18.0 

31.3 

100 

0 

3.45 
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TABLE XIII 

Growth of sov bean seedlings in solutions of calcium nitrate 


Roots 

Tops 

Dry weight 

Percentage 0.006 M 
calcium nitrate 

Reaction 

% 

% 

% 

% 

pE 

59.7 

73.3 

76.8 

0 

6.61 

92.5 

94.8 

92.8 

o 

hd 

6.65 

74.0 

92.5 

91.0 

5 

6.37 

95.0 

99.8 

93.4 

15 

6.30 

100.2 

100.7 

89.0 

30 

6.25 

76.7 

88.4 

92.7 

50 

6.14 

82.8 I 

99.4 

88.3 

70 

5.95 

89.4 

85.3 

97.0 

85 

5.95 

80.1 

90.1 

95.9 

95 

5.95 

99.3 

99.5 

92.9 

1 98 

5.95 

98.6 

90.7 

76.0 

100 

5.51 


cium nitrate, and mixtures of aluminum salt and potassium hydroxide. 
This would suggest that an expression of pH is more significant when 
stated in relationship to other elements than as an entity itself. 

Mixtures of aluminum citrate and calcium nitrate. — The toxicity of 
calcium nitrate toward soy bean seedlings is only slight, approximately like 
that of the same salt toward corn (table XIII). 

Mixtures of calcium nitrate and aluminum citrate are more indicative 
of an approximate mean of the toxicity of calcium nitrate and aluminum 
citrate each used singly. Another trial of a series of concentrations with 

TABLE XIV 

Growth of soy bean seedlings in solutions of aluminum 
citrate + calcium nitrate 


Roots 

Tops 

Dry weight 

Percentage 0.006 M 

ALUMINUM citrate 

Percentage 0.006 M 

CALCIUM NITRATE 

Reaction 

% 

% 

% 

% 

% 

pH 

93.0 

90.7 

81.2 

0 

100 

5.07 

92.8 

87.9 

81.9 

2 

98 

4.33 

99.6 

96.4 

88.8 

5 

95 

4.05 

92.3 

84.0 

82.6 

15 

85 

3.85 

54.0 

75.8 

77.3 

30 

70 

3.68 

33.2 

71.9 

81.0 

50 

50 

3.66 

14.8 

57.8 

76.7 

70 

30 

3.50 

8.7 

39.3 

59.5 

85 

15 

3.50 

8.6 

28.6 

50.1 

95 

5 

3.50 

9.1 

26.9 

46.8 

98 

2 

3.50 

8.1 

19.7 

43.8 

100 

0 

3.51 
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TABLE XV 

Growth or buckwheat seedlings in solutions of aluminum tartrate 


Roots 

Tops 

Dry weight 

1 

Percentage 0.006 M 

ALUMINUM tartrate 

Reaction 

% 

% 

% 

% 

pH 

5.7 

13.5 

29.7 

0 

6.61 

9.0 

13.5 

25.1 

2 i 

4.75 

3.7 

31.3 

29.9 

5 

4.44 

3.1 

10.1 

33.7 

15 

4.25 

3 5.1 

15.2 

56.3 

30 i 

3.80 

13.4 

12.0 

61.3 

50 i 

3.62 

34.8 

34.3 

53.7 

70 1 

3.54 

12.3 

10.4 

52.3 

85 

3.54 

34.3 

30.7 

31.6 

95 

3.45 

5.3 

9.4 

39.4 

98 

3.49 

11.5 

8.1 

20.0 

300 

1 

1 

3.45 


aluminum citrate used singly would have lent itself to a fuller explanation 
of this action. The two growth curves, however, that of calcium nitrate and 
that of aluminum citrate and calcium nitrate, are not greatly different from 
those when corn was used ; it thus seems a reasonable conclusion that the 
growth curv(‘ of the single aluminum salt would not be greatly different 
from that for corn (table XIV). 

The calcium ion effect on total dry weight suggests a definite detoxifying 
effect. As in corn, this is more pronounced for relative total dry weight 
and relative length of top than for roots (fig. 3 D, E, F). 

TABLE XVI 

Growth of bcckwheat seedlings in solutions of aluminum 
tartrate f ('ALCIUM hydroxide 


Roots 

Tops 

Dry weight 

Percentage 0.006 M 
aluminum tartrate 

Percentage 0.006 M | 

CALCIUM HYDROXIDE | 

Reaction 

% 

% 

% 

% 

% 

pH 

127.9 

70.9 

93.7 

0 

100 

V 

377.5 

73.6 

94.0 

2 

98 

9.0 

194.7 

66.6 

86.6 

5 

95 i 

8.0 

168.3 

66.4 

77.4 

35 

85 

7.65 

81.0 

52.8 

90.1 

30 

70 

6.50 

21.9 

17.9 

43.2 

50 

50 

5.60 

22.2 

10.2 

24.3 

70 

30 

4.18 

16.7 

13.4 

21.1 

I 85 

15 

3.70 

17.7 

8.1 

36.1 

95 

5 

3.40 

16.2 

7.4 

20.5 

98 

2 

3.40 

11.5 

8.1 

20.0 

300 

0 

3.40 
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Mixtures of aluminum tartrate and potassium hydroxide. — To deter- 
mine the eifect of the different hydrogen ion concentrations, bean plants 
were grown in mixtures of the two compounds aluminum tartrate and 
potassium hydroxide. As with corn, there seemed to be a rather definite 
point for favorable growth promotion. The potassium ion here as before 
did not seem to overcome the toxicity to any great extent ; but at one con- 
centration, 30 per cent, aluminum tartrate, 0.006 M, and 70 per cent, potas- 
sium hydroxide, 0.006 M, there was a fair medium for growth promotion. 
It is the writer's opinion that it is more of an index of favorable hydrogen 
ion concentration than a favorable mixture of the other cations, aluminum 
and potassium. The pH for the best growth in this trial was between 8 and 
9 (table VIII). This was approximately the same as for corn in the alumi- 
num citrate and potassium hydroxide mixture. 


TABLE XVII 

Growth of buckwheat seedlings in solutions of aluminum 

TARTRATE + POTASSIUM HYDROXIDE 


Roots 

Tops 

i 

Pry WEIGHT 

Percentage 0.006 M 

ALUMINUM TARTRATE 

Percentage 0.000 M 

POTASSIUM 

hydroxide 

Reaction 

% 

% i 

% 

% 

% 

pH 

1.6 

9.2 

24.9 

0 

100 

9.6 

2,8 

9.4 ' 

28.4 

2 

98 

9.4 

3.1 

10.3 

26.7 

5 

95 

9.2 

16.4 

13.8 

31.2 

15 

85 

9.0 

87.6 

78.7 

71.5 

30 

70 

9,0 

13.7 

37.2 

44.4 1 

! 50 

50 j 

7.60 

4.3 

13.7 i 

24.6 

; 70 

30 

5.30 

4.0 

10.1 1 

23.5 j 

85 

15 

4.15 

3.1 

6.5 

12.0 j 

95 

5 

3.84 

3.5 

6.5 ' 

10.7 I 

98 

2 

3.56 

11.7 

8.1 

20.0 

100 

0 

3.45 


It is worthy of note that the seemingly optimum pH of solutions for the 
seedling stage is not like that of most soils for yielding crops. The optima 
are higher for solutions. For permanent growth in soils at high pH much 
of the common vegetation of a humid region would not thrive so well as at a 
lower pH. This may be due to precipitation and complete isolation of some 
required element of the field, or it may be possible that the hydroxyl ion only 
slowly permeates the protoplasm of the seed and does not disturb the equi- 
librium during the short time the seedling gets its nutrients from the seed. 

Comparison of toxicity of aluminum tartrate and tartaric acid. — 
Water solutions were made acid with tartaric acid, comparable to the acidity 
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of the corresponding aluminum salt, aluminum tartrate, at different con- 
centrations and soy bean seedlings were grown in the solution. This was a 
similar procedure to that adopted for corn. The results are as with corn in 
citric acid. The aluminum salt solutions with hydrogen ion concentrations 
the same as those of the corresponding acid caused lower relative growth 
rates than did the acid. This was the case for roots, tops, and total dry 
weight (fig. 2 Z> and tables IX and X). 

Buckwheat 

Corn and soy beans bore considerable resemblance in their reaction to 
aluminum salts. Buckwheat in certain respects demonstrates a different 
behavior. This plant in the seedling stage is seemingly more sensitive to 
distilled water-low osmotic pressures. This was indicated by the results of 
several trials, each trial including 50 seedlings. Also for single salt cul- 
tures of aluminum tartrate there is little difference between the comparative 
lengths of tops and roots (table XV). The plant seems to be more sensitive 
to low concentrations than it is to moderate concentrations of aluminum tar- 
trate. At 0.0018-0.003 M the relative growth is better for roots, tops, and 
total dry weight than it is at lower and higher concentrations of the same 
salt. In other experiments the relative root length was the most pronounced 
with respect to retardation of relative growth. In the case of buckwheat 
the relative top length is almost equally affected. The total dry weight is 
higher, suggesting low water content or thickening and branching of stems 
and roots. 

Mixtures of aluminum tartrate and calcium hydroxide. — Relative 
growth of buckwheat is promoted by the higher concentrations of lime rather 
than by the lower concentrations. The root system is most markedly af- 
fected by high proportions of calcium hydroxide (approximately 95 per 
cent. 0.006 M calcium oxide and 5 i)er cent. 0.006 M aluminum tartrate). 
This effect diminishes rapidly with lower lime nutrients, until at the point 
at which the proportions are 50 per cent, of 0.006 M lime and 50 per cent, 
of 0.006 M aluminum tartrate tho results are almost the same with respect 
to relative growth as if no lime were added at all (table XVI). The same 
behavior applies, only to a more limited degree, to the case of relative length 
of tops. With respect to total dry weight the mixture finally indicates over 
a range a condition of apparent additive effect with respect to toxicity, the 
mixture promoting a smaller relative growth than the single toxic salt (fig. 
4 A, B, C). 

Mixtures op aluminum tartrate and i’Otassium hydroxide. — ^W hen 
potassium hydroxide is mixed with aluminum citrate in different propor- 
tions the growth is retarded markedly except in one proportion. This pro- 
portion is approximately 30 per cent, of 0.006 M aluminum tartrate and 70 
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Fig. 4 

A: Elongation of roots of buckwheat seedlings grown in single salt solutions of 
aluminum tartrate, and in mixed solution of aluminum tartrate and calcium hydroxide. 

B: Elongation of tops of buckwheat seedlings grown in single salt solutions of 
aluminum tartrate, and in mixed solution of aluminum tartrate and calcium hydroxide. 

C: Total dry weight of buckwheat seedlings grown in single salt solutions of 
aluminum tartrate and in mixed solutions of aluminum tartrate and calcium hydroxide. 

D : Elongation of roots and tojis in addition to total dry weight of buckwheat seed- 
lings grown in mixtures of aluminum tartrate and potassium hydroxide. Ordinates rep- 
resent percentages of elongation and total dry weight; abscissas represent percentage 
molecular proportions of 0.006 M. 
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per cent. 0.006 M potassium hydroxide. In all others the growth falls off 
markedly. For seedlings growing in water solutions this probably indicates 
an optimum pH. The potassium evidently does not have much effect in alle- 
viating the toxicity of aluminum, and at the higher pH the condition is too 
alkaline for the plants to thrive. The optimum pH is almost 9 (table XVII) . 
This optimum does not nearly approach the optimum for mixtures of the 
aluminum salt and lime with respect to the degree of relative growth (fig. 
4 Z>) . Mixtures of lime and aluminum salts for all plants investigated have 
wide and high limits of growth, while potassium mixtures at nearly the same 
pH have narrower and lower limits of relative growth. 

Summary 

1. Organic aluminum compounds exert a distinct toxic effect on the 
plants of corn, soy beans, and buckwheat. The toxicity increases with 
increased concentration. 

2. The toxicity for the three plants could be most effectively overcome 
by calcium hydroxide. Calcium nitrate could be used as an antagonist of 
aluminum, but not as effectively as the calcium base. 

3. Potassium hydroxide was Jess effective in counteracting the toxicity 
of aluminum than was calcium hydroxide. It apparently served to neu- 
tralize the acidity of the aluminum salt. 

4. The favorable hydrogen ion concentration is not the same for all solu- 
tions. The optimum pH varies with the components and their proportions 
present in the solution. 

T). Comparing the hydrogen ion concentration of the organic acids with 
similar hydrogen ion concentrations of the corresponding aluminum salts of 
these acids, it is shown that at appreciable concentrations the aluminum 
salt suppresses gro^wth to a markedly greater extent than does the acid. 

Massachusetts Agricultural Experiment Station 
Amherst, Massachusetts 
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LINKAGE BETWEEN OUTPUT OP ELECTRIC ENERGY BY 
POLAR TISSUES AND CELL OXIDATION 

II. F. Rosene and E. J. Lund 
(with six figures) 

Introduction 

Evidence is presented in this report which it is believed establishes the 
following facts: (a) A quantitative relation exists between cell oxidation 
and the continuously maintained E.M.P/s in the root of the onion, Allium 
cepa, (b) Equal change in oxygen concentration around different regions 
of the root tip produces an unequal change in E.M.P. ; in this way the char- 
acteristic distribution of E.M.P/s per unit length of root and therefore the 
pattern of the correlation currents in the root are modified in a character- 
istic manner by change in oxygen tension, (c) The velocity of oxygen con- 
sumption per unit volume of tissue is greatest in the region of active cell 
division, and the velocity of oxidation in this region is also changed to a 
greatei* degree by the same change in oxygen tension than in other regions 
of the root tip. This fact, which appears to have an important bearing 
upon the nature of bioelectric currents, was previously discovered in the 
OheUil stem (17). The experiments supply the connecting link in the evi- 
dence for the validity of the theory that the continuously maintained E.M.P. 
in a polar cell is that of a redox system maintained in state of flux equi- 
librium as defined elsewhere by one of us (17) . 

There is a correspondence of morphological, functional, and electrical 
polarity along the root axis of A. cepa. In the unstimulated uninjured con- 
dition, the region of active cell division is invariably electropositive in the 
external circuit to more basal regions; and the distribution of potentials is 
in general characteristic but in detail specific for each root. Por illustra- 
tions of the exact distribution of these potentials the reader is referred to 
the curves in the paper by Lund and Kenyon (13), Under constant ex- 
ternal conditions, spontaneous fluctuations in electric polarity occur and 
the distribution of E.M.P. per unit length varies from time to time (20), 
The first evidence that cell respiration and electric potentials on the root 
are linked phenomena was furnished by Lund and Kenyon (13). They 
found that the greatest reduction of methylene blue per unit length occurs 
in the region of high positive potential, where active cell division takes 
place, and the same region also produces more COg per unit length. A 
corresponding distribution of the concentration of sulphydryl groups per 
unit length has been demonstrated ; the region of active cell division exhibits 
the most intense color when the nitroprusside test is applied (17). 

27 
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The present investigation was limited to experiments on not more than 
7 mm. of the distal end of the root and for the most part to 6 mm. or less. 
This region of 6 ± mm. will be designated the ''root-apex’’ to facilitate 
presentation. The occurrence of progressive cellular and tissue differentia- 
tion from primordial meristematic cells to permanent tissue is a salient 
feature of the polar structure of the root-apex. In roots 40 to 65 mm. in 
length, the root cap is not over 0.35 mm. ; the region of active cell division, 

1 to 1.5 mm.; and the zone of cell enlargement and cell maturation, 1 to 

2 mm. Permanent tissues are present in the fifth and sixth millimeters. 
In recent detailed experiments performed in this laboratory by A. H. 
Hanszen, it has been observed that the greatest amount of elongation takes 
place within the third millimeter. Although the transitional stages are not 
definitely delimited, the cells in the distal third (2 ± mm.) of the root- 
apex are relatively young, those in the middle third (2 ±: mm.) are ap- 
proaching maturity, and those in the proximal third (2 ±; mm.) are rela- 
tively old. In this paper attention w’ill be focused upon the electrical be- 
havior of these three regions in relation to concentration of oxj^gen. 

Methods 

Since the material used in the experiments involved only a total of 6 or 
7 mm. of the root tip, and since the conditions for the experiment often de- 
manded that oxygen or other gases be accurately applied to a root region 
1 mm. in length, without mechanical stimulation and any apparent change 
in humidity or temperature, a new apparatus and technique was developed. 
This has shown itself to be an appreciable improvement over other proce- 
dures. The apparatus is susceptible of modification for particular pur- 
poses and has been found so satisfactory that a detailed description seems 
justified. Recent adaptations of the apparatus permit very precise proce- 
dures of manipulation and measurements on certain single cells under ideal 
conditions. 

The electrode chamber is illustrated in figure 1. A removable glass 
cover (II) fits closely to a rubber cushion (P), which is cemented to a block 
of bakelite (C) that serves as the floor of the chamber. The base (C) has 
four large and four small perforations through which connections penetrate 
to the outside. A rod (P) which passes through one of the large perfora- 
tions in the rear is attached to a short piece of glass tubing that insulates 
and serves as a support for the adjustable swivel attachment {K). The 
onion bulb is held and protected by a paraffined cork ring which fits a hole 
in this attachment. The other opening (M) in the rear of the base fur- 
nishes means by which additional apparatus (fig. 2, B) may be inserted 
and connected to the outside for manipulation. Capillary tubes (T and 
T'), attached to electrode cups (P and P')> P^^ss through the large open- 
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ings in front. The four large perforations are lined by rubber finger-stalls 
(iV) which keep the chamber airtight and through which the movable con- 
nections penetrate. Leads from isoelectric zinc-amalgam zinc-sulphate elec- 
trodes (J5 and E') pass through insulated glass tubes in two of the small 
perforations in the base, and glass tubes (I and 0) which line the other two 
provide for the inlet and outlet of gases from external sources. During each 
experiment the chamber is lined with wet filter paper and a film of water 
is maintained at its base. The atmosphere of the chamber can be brought 
to a necessary complete water saturation and can be completely isolated 
from the exterior. 



The connections outside of the electrode chamber are illustrated in figure 
2, A. The bakelite base is firmly attached to a rack and pinion stand (T). 
Three micromanipulators {A, B, C), each of which has a three-way move- 
ment, provide adjustable support for the root holder (K) and the two 
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electrode cups {D and D', fig. 1). These electrode cups are filled respec- 
tively from the connecting reservoirs (f?i and R^) through corresponding 
three-way stopcocks {S^ and S..) which are also connected to tubes for drain- 
ing and washing the cups. Gases may be introduced into the electrode 
chamber by connecting the inlet tube (Z) to the appropriate stopcock (SJ. 
They may be stored in the reservoirs {E^ and E.^) of about 75 cc. capacity 
which are connected to the mercury leveling cups {G^ and G.,) and passed 
into the electrode chamber by adjusting the height of the cups, each of 
which is supported by a rack and pinion stand not illustrated in figure 2 ; 
or by appropriate manipulation of the connecting three-way stopcocks they 
may be admitted directly into the electrode chamber without being stored 
in the reservoirs. 

Gases are applied to or withheld from a specific region by means of a 
hollow glass jacket (fig. 2, B). The body of the jacket (V) consists of a 
short piece of glass tubing 4 mm. in length. Small glass coverslips (0) are 
cemented to the top and bottom and small holes (7) in each just permit 
passage of the root (R) without its touching the sides of the holes. Glass 
capillary tubes (P) sealed to two holes in the side of the jacket provide for 
the inlet and outlet of the gases and are attached to a glass rod (W) which 
serves as a support. The jacket is inserted into the electrode chamber 
through an opening (M, fig, 1) in the base and it is manipulated by an ad- 
ditional three-way micromanipulator not illustrated. By means of this 
micromanipulator and a horizontal microscope the jacket can be accurately 
adjusted to any position without stimulating or injuring the root. With 
the jacket in place around the root (P), the openings (/) at the top and 
bottom are sealed wdth a small droj) of water or paraflfiu oil. In this way 
the segment of the root inclosed by the jacket is completely isolated from 
the atmosphere in the electrode chamber and gases can be introduced into 
and removed from the jacket under complete control by connecting the inlet 
tube of the jacket directly to the proper stopcock in fig. 2, A). With 
the jacket in place, the root can be exposed to a gas by either of two 
methods: (1) introducing the gas directly into the jacket around a par- 
ticular segment of the root and not into the electrode chamber; or (2) jiass- 
ing the gas into the electrode chamber and not into the jacket, w hich in that 
case is filled with moist air. 

Electrode contacts are made by the small glass claw projections (K in 
fig. 2, B) of the electrode cups which are filled with the medium in which 
the roots grow. The adjustments of the positions of the contacts, which 
can be accurately controlled by the micromanipulators, are made under a 
horizontal microscope wdiich is fitted with an ocular micrometer for mea- 
surements. From the preceding description it is obvious that the apparatus 
permits complete and accurate control of all manipulations and environ- 
mental conditions of the root. 
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All experiments were carried out at room temperature which did not 
vary; more than 0.5° C. throughout any one experiment. The onions were 
grown in tap water and used when the roots were 40 to 50 mm. in length. 
A different root was used in each experiment. All roots but one were re- 
moved from the bulb, care being taken not to stimulate this root when it 
was placed in position in the electrode chamber. Potentials were measured 
with a Compton electrometer. In general, the same procedure was followed 
in each experiment. When adjustments of the positions of the jacket and 
the contacts on the root had been made, the preparation was left undis- 
turbed for a short period. Observations were then made of the electric be- 
havior of the root during an initial period of exposure to the vapor-satu- 



rated atmosphere of the electrode chamber. These readings were con- 
tinued during the following two successive periods, wlien (a) hydrogen was 
passed through the electrode chamber or the jacket, and (&) oxygen was 
passed through in a similar manner. Before entering the chamber or the 
jacket, the hydrogen and oxygen were saturated by passage through dis- 
tilled water. A uniform and controlled rate of flow" of each gas was main- 
tained in all the experiments by suitable pressure gauges attached to the 
gas tanks. The flow of gas, as such, did not produce any visible effect on 
the root and did not appear to affect the E.M.F. The root tissue was in no 
W"a 3 ^ injured by the experimental procedure and normal growth continued 
when the roots were replaced in tap water. 
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Effect on E.M.F, of the root-apex produced by change in oxygen con- 
centration at different regions between electrode contacts 

1. Change in E.M.F. when the apical end (1.5 mm.) is exposed to 
(j) HYDROGEN AND (i/) oxY'GEN. — ^Figure 3, A shows the position of the 
jacket and electrode contacts in a series of three duplicate experiments 
on roots of tli'ree different bulbs (curves 1, 2, 3). The basal grounded elec- 
trode contact (-) was made at the upper aperture of the jacket and the 
jacket was filled with moist air.^ The E.M.F. of the region between the 
electrodes was allowed to come to a constant value in air during a 10-min- 
ute period as shown in curves 1, 2, and 3, figure 3, A. Hydrogen gas 
saturated with water vapor was then applied to all of the root and bulb 
(except that segment inclosed by the jacket) through the connecting tubes 
(7 and 0, fig. 1). Since the results of all the experiments were remarkably 
similar, even in detail, only three curves (1, 2, 3, fig. 3, A) are presented. 
Each curve shows that the removal of oxygen by hydrogen around the apical 
1.5 mm. of the root rapidly diminished the electric polarity of the root in- 
cluded between the electrodes. Curves 2 and 3 show a complete reversal of 
polarity. The initial large drop in potential w^as followed by a smaller rise, 
the magnitude and duration of which was specific for each root. At the end 
of the period in hydrogen the E.M.F. was lower than at any time when in 
air. Deprived of available oxygen by the exposure to hydrogen, the 
apical end of the root-apex did not maintain its characteristic high positive 
potential and consequently the electric polarity was considerably reduced in 
magnitude. 

Replacement of hydrogen by oxygen saturated with water vapor pro- 
duced an abrupt rapid increase of the E.M.F. of such great magnitude 
that the potential difference not only reached but very often exceeded its 
former value in air, exhibiting the typical rebound curve observed in experi- 
ments on frog skin and Douglas fir (15, 18). Curves 1 and 3, figure 3, A, 
illustrate the fact that the E.M.F. ^vas often maintained at a new high 
level in oxygen. The effect of removal of oxygen was promptly and 
completely reversible. 

The curves show that a definite quantitative relationship exists betw^een 
cell oxidations at the apical end of the root-apex and the magnitude and 
orientation of electric polarity. 

2. Change in E.M.F. when the basal end (1.5 mm.) is exposed to (^) 
HYDROGEN AND (j?) OXYGEN. — The experimental arrangement is illus- 
trated in figure 3, B, Four mm. of the root-apex were inclosed by the air- 

1 When both apical and basal contacts were made at the water menisci in the aper- 
tures of the air-filled jacket under the same experimental conditions, little or no change 
in E.M.F, was produced when the part of the root outside of the jacket was subjected 
to change in oxygen concentration. 
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Fig. 3. Effect of change in oxygen concentration at apical and basal ends of 
root-apex. 

A: Effect of (a) hydrogen, and (b) oxygen at apical end only, on total E.M.F. of 
root-apex. Curves 1, 2, and 3 obtained from three duplicate experiments on three differ- 
ent roots. Diagram A shows positions of electrode contacts and gas jacket on root-apex. 

B: Effect of (a) hydrogen, and (b) oxygen at basal end only on total E.M.F. of 
root-apex. Curves 4, 5, 6, and 7 obtained from four duplicate experiments on four dif- 
ape^^ Diagram B shows positions of electrode contacts and gas jacket on root- 

C: Sijnultaneous effect of (o) hydrogen, and (b) oxygen at both apical and basal 
ends of the same root-apex on total E.M.F. Curves 8, 9, and 10 obtained from three 
duplicate experiments on three different roots. Diagram C shows position of electrode 
contacts and gas jacket on root-apex. 
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filled jacket and 1.5 nini. at the proximal (basal) end were exposed to 
change in oxygen concentration. Curves 4, 5, 6, and 7, figure 3, represent 
typical results and should be compared with curves 1, 2, and 3 of figure 3, A 
obtained under similar experimental conditions. The only essential differ- 
ence is that in the two sets of experiments different ends of the root-apex 
were exposed to the change in oxygen concentration. A comparison of the 
two sets of curves reveals an unequal effect of equal change in oxygen con- 
centration at apical and basal ends. Passing hydrogen through the elec- 
trode chamber when the basal end was exposed did not produce the marked 
depression of electric polarity which occurred when the apical end was 
similarly exposed. The electric polarity of the root-apex was never ob- 
served to become inverted by an oxygen deficit at the basal end only. Ad- 
mission of oxygen to the chamber produced a relatively small rebound effect. 
The relatively small magnitude of this rebound effect in the basal region is 
comparable to the correspondingly small rebound effects observed in basal 
regions in the Douglas fir, when the electric polarity is changed by change 
in temperature (18, 19). It should be observed that curves 1, 2, and 3 are 
quite uniform in appearance. This statement does not apply in the same 
degree to curves 4, 5, 6, and 7. 

If the apical and basal ends of the same root were simultaneously ex- 
posed to (a) hydrogen and then (b) oxygen under the same conditions 
which obtain in the above sets of experiments, the observed unequal effect 
of equal change in oxygen concentration on apical and basal ends of dif- 
ferent roots should appear. Since it has just been shown that tlie effect 
on the apical end was noticeably uniform in character and much greater 
in magnitude than the effect on the basal end, it would be logical to antici- 
pate results which would give curves similar to curves 1, 2, and 3, figure 3. 
A small increase in potential difference in hydrogen as shown in curves 5 
and 6 and a small decrease in potential in oxygen as illustrated by curve 7 
would definitely modify the characteristic form of such curves as 1, 2, and 
3 because the principle of summation of cell E.M.F.’s applies in each mea- 
surement. When this procedure was followed the expected results were 
fully realized, as shown in curves 8, 9, and 10 of figure 3, C and what 
follows. 

3. Change in E.M.F. when the apical and basal ends of same root- 

apex ARE SIMULTANEOUSLY EXPOSED TO (^) HYDR(XIEN AND (b) OXYGEN. — 

Four mm. of the root tip were inclosed by the moist air jacket and 1.5 
mm. on either side exposed as shown in the diagram (fig. 3, C). Similar 
curves were obtained in all the experiments, each of which was obtained 
from a different root. Only three curves are given, curves 8, 9, and 10, 
figure 3. They convincingly show the unequal effect on the E.M.F. by 
equal change in oxygen concentration at apical and at basal ends of the 
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same root-apex. There is a pronounced similarity between curves 8, 9, and 
10, and curves 1, 2, and 3 (fig. 3). Evidently in both sets of experiments 
the general character of the curves can be attributed to the greater change 
which took place in the highly electropositive apical end. A temporary 
complete reversal of polarity is exhibited by curve 10. The conspicuous re- 
bound phenomena observed in oxygen in the first set of experiments reap- 
peared. Its modification in curve 10 may be due to a flattening effect pro- 
duced by a change in an oppositely oriented E.M.P. in the basal end as 
exhibited by the dip in curve 7, figure 3. In this connection it is of special 
theoretical interest to note the uniform appearance of (a) the relatively 
large depression of E.M.P. in hydrogen and (h) the conspicuous rebound 
plienomena in oxygen, whenever the apical end was exposed. 

4. Change in E.M.P. when an intermediate region between apical 

AND BASAL ENDS IS EXPOSED TO CtlANGE IN CONCENTRATION OF OXYGEN. The 

position of the jacket as shown in figure 4, D is similar to that illustrated 
in figure 3, C, except that connections were made from the hydrogen and 
oxygen reservoirs {E^ and 7^o, fig. 2) to the glass jacket around the root. 
By careful vertical movement of the rack and pinion stand which supported 
the mercury in tlie leveling cups and fig. 2), a constant flow of gas 
through the jacket was maintained at such a rate that the mechanical con- 
ditions of gas flow as such produced no effect on the E.M.P. The lengths 
of the apical and basal segments, which were outside of the jacket, were not 
equal in all the experiments; they varied from 0.8 to 1.8 mm. 

Since a quantitative relationship between changes in oxygen concentra- 
tion at tlie apical and basal ends and the E.M.P\ of the root-apex was dem- 
onstrated above, and since it has been shown by Marsh ( 20 ) that the prin- 
ciple of summation of cell E.M.P. ^s applies to the first 30 mm. of the root 
tip, it is reasonable to expect a change in E.M.P. with change in oxygen con- 
centration around the intervening zone (fig. 4, D) under conditions corre- 
sponding to those which prevailed in the preceding sets of experiments. 
Purthermore, it is to be expected that the magnitude and direction of effect 
will depend not only upon the length of the intermediate exposed zone, but 
also upon its distance from the distal and proximal limits of the root-apex. 
Por example, if the segments X and Y outside the jacket in figure 4, D are 
relatively short (i.e., 0.5-1 mm.), the magnitude of the effect would be rela- 
tively greater than if a longer region at each end were isolated, because some 
of the apical tissue would be in the intervening zone inclosed by the jacket, 
and it has already been found that greater effects are produced in the apical 
cells. 

Curves 1, 2, and 3, figure 4, are representative of the results from 
eighteen experiments on different roots. The corresponding lengths of X 
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and y, which were equal for each root, were respectively 1.8, 0.8, and 1.3 mm 
Curve 1 shows that the potential difference was steadily drifting to an in- 
crease in E.M.F. during the period in air, but in hydrogen this drift was 




Fig. 4. D: Effect of application of (a) hydrogen, and (b) oxygen at an inter- 
mediate region of root-apex on total E.M.F. Curves 1, 2, and 3 obtained from three 
similar experiments on three different roots. Positions of electrode contacts and gas 
jacket shown by diagram D. X and Y are segments of the root exposed to air. 

E: Effect of (a) hydrogen, and (b) oxygen applied simultaneously at all regions 
of root-apex on total E.M.F. Positions of electrode contacts shown by diagram E. 
Eesults shown by curve 4. The breaks (a, b, and c) in curve 4 are the intervals during 
which the curve of distribution of E.M.F. per unit length of root was determined in 
(a) air, (b) hydrogen, and (c) oxygen respectively. 

opposed in some way and the curve flattened. The drift again manifested 
itself in oxygen. Curve 2 shows the greatest change. An inverted polarity 
appeared temporarily in hydrogen and a steady recovery in oxygen. The 
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relatively greater effects shown in curve 2 are undoubtedly associated with 
the exposure of a greater portion of the sensitive apical end to change in 
oxygen concentration. To some extent there is a general similarity of 
curves 1, 2, and 3, figure 4, to curves 4 and 7, figure 3 ; but the uniformity 
of effect on total which is expressed by the relatively large decrease 

in potential difference in hydrogen and the relatively large increase in oxy- 
gen (with its accompanying rebound phenomenon as represented by curves 
1, 2, and 3, and curves 8, 9, and 10, in figure 3), is absent. The explana- 
tion of the apparently small effect of change in oxygen tension in this set 
of experiments will be evident from what follows. 

Unequal effect on E.M.F. of root-apex produced by simultaneous equal 
change in oxygen concentration at all regions of root-apex 

An inspection of the curves in figures 2 and 3 in Lund and Kenyon’s 
paper (13) and in figures 3, 4, and 7 of Marsh’s paper (20), which repre- 
sent the distribution of E.M.F. over longer regions than the root-apex itself, 
shows that the occurrence of a single umdireciional gradient of E.M.F. is 
the rule in the length of 6 dt mm. designated in this paper as the root-apex. 
Many similar determinations of the distribution of potential over the root 
made by the present writers confirm this conclusion. 

The magnitude and form of the curve representing the single gradient 
in the root- apex are specific for each root. Six such gradients of potential 
differences in six different roots are illustrated by curves la, 2a, 3a, 4a, 5a, 
and 6a in figure 5. The gradients were determined in the usual manner by 
moving the electrode contact at the apex by increments of 1 mm. toward the 
basal contact. In the roots corresponding to curves 4a, 5a, 6a, the basal 
electrode contact was fixed at a position 6 mm. from the tip; in the roots 
corresponding to 2a and 3a it was fixed at 5 mm. ; and to la, at 4 mm. from 
the lip. Individual variations in the single gradient characteristic of the 
root-apex are apparent. Curve 5a shows that a point 2 mm. from the tip is 
electronegative to relatively more basal points, thus producing a small dip 
in the gradient which indicates the presence of inverted component electric 
polarities. Similar inverted regions appear in some of the other curves. The 
form of the gradient would probably appear in more detail if readings were 
made at intervals of 0.2 mm. instead of 1 mm. The observed gradient of 
potential of the root-apex is a resultant E.M.F. which expresses the alge- 
braic sum of the E.M.F. ’s of individual cells. This does not exclude the 
possibility of a complex pattern of cellular E.M.F. ’s within the root-apex 
which probably involves series and parallel arrangements of the cells. 

The uniformity of results observed whenever the apical end was exposed 
to changes in oxygen concentration, and the variability of the curves ob- 
tained when either the basal end or the intervening region alone was simi- 
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larly exposed, are related to detailed variations of the distribution of E.M.P. 
per unit length of the root. A sufficiently large diminution of an inverted 
component B.M.F. would appear as an increase in the resultant E.M.F. of 
the gradient. The facts established by the preceding sets of experiments 
lead to the conclusion that if all the regions of the root-apex were simulta- 
neously exposed to equal change in oxygen concentration, unequal change in 
regional E.M.F. ’s and in the resultant E.M.F. would appear; and further- 
more, the generalized nature of the composite curve which would result 
under these conditions would be determined by the relatively greater 
changes in apical component E.M.P. ’s. Figure 4, E shows the arrange- 
ment in a series of experiments of this nature. 



Fig. 5. Effect of cUunge in oxygen concentration on magnitude and form of the 
curve of distribution of E.M.F. over the length of root-apex in (a) air, (h) hydrogen, 
and (c) oxygen. The curves were obtained from six experiments on six different 
roots. Curves la, 2a, .3a, 4a, 5a, and 6a, when the electrode chamber (cf. fig. 1) was 
filled with moist air; curves lb, 2b, 3b, 4b, 5b, and 6b, when hydrogen was i)asscd con- 
tinuously through the electrode chamber; and curves Ic, 2c, 3c, 4c, 5c, and 6c, when 
oxygen was passed continuously through the electrode chamber. The diagrams of the 
roots below the curves are drawn to scale on the abscissa. Arrows at the apex indicate 
position of positive electrode. The three arrows at the base indicate the exact positions 
of the negative electrode which was stationary at different distances from the tip in the 
different experiments. Corresponding to curves la, 2a, and 3a; and 4a, 5a, and 6a, the 
basal electrode was fixed as shown at 4, 5, and 6 mm. respectively from the tip. 

The distance of the basal electrode contact from the contact at the tip 
was not the same in all the experiments. Hydrogen and oxygen were 
passed through the electrode chamber. The curves for different roots were 
essentially alike. Curve 4, figure 4, is typical. In this experiment the 
electrode contacts were 6 mm. apart. In hydrogen an initial relatively 
large drop of total E.M.F. was followed by a rise and finally a decrease, 
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with the potential difference maintained at a low level. Recovery occurred 
when pure oxygen was substituted for hydrogen and the conspicuous re- 
bound effect appeared (c/. with curves 1, 2, 3, and 8, 9, 10 of figure 3). It 
is evident that equal and simultaneous change in oxygen concentration 
changes the localized E.M.F.^s unequally. This would necessarily modify 
the distribution of E.M.F.^s per unit length which constitute the resultant 
gradient. The gradient of electric polarity would be different in an atmos- 
phere of air, an atmosphere devoid of oxygen, and an atmosphere of pure 
oxygen. This conclusion is tantamount to the statement that the oxygen 
concentration around the root determines to a large degree the character- 
istic magnitudes of E.M.F.’s per unit length. 

In each experiment, when the root-apex exhibited a relatively stable 
j)otential difference in (a) air, (h) hydrogen, and (c) oxygen, the distri- 
bution of potential difference was determined by the customary method of 
moving the apical electrode. The position of the breaks {a, ft, and c) in 
curve 4, figure 4, indicates the intervals during which the gradients shown 
by curves 4a, 4b, and 4c in figure 5 were determined. Curves of the gradi- 
ents determined in five similar experiments on five different roots are also 
given in figure 5. Curves 4a, 4b, and 4c show^ that the gradient was in- 
verted in hydrogen with the apical end electronegative to more basal 
regions, and that it was displaced to a lower level of potential difference ; 
in oxygen the gradient not only righted itself but also manifested a greater 
total E.M.F. Tlie dip in each of tlie curves 4a and 4b, which indicates the 
existence of components with inverted polarity, disappeared in curve 4c. 
Gradients corresponding to curves la, lb, Ic, and 6a, fib, 6c displayed 
changes practically identical with those exhibited by curves 4a, 4b, and 4c. 
In hydrogen each gradient was inverted, the apical end became electro- 
negative to relatively more basal regions, and the whole gradient shifted 
to a lower value; in oxygen each gradient righted itself and curve 6c shows 
that the corresponding gradient manifested a liigher E.M.F. Gradients 
corresponding to curves 2a and 3a were flattened in hydrogen and became 
steeper in oxygen with the apical end more highly positive than at any 
})revious period. All the curves in figure 5 obtained by this procedure 
show' that the component parts of each gradient w^ere affected unequally by 
equal change in oxygen concentration, and that the component E.M.F. ’s 
associated wdth the tissues in the apical end were displaced to a relatively 
greater degree than were component E.M.F. ’s in the other tissues of the 
root-apex. An atmosphere of hydrogen tends to make the ends of the 
gradient more alike; oxygen more unlike. Hydrogen tilts the gradient in 
a direction opposite to that characteristic of the root-apex in air; oxygen 
tilts it back to a steeper form. The form of the gradient at any one instant 
is determined by the concentration of oxygen at that instant. 
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The curves in figure 5 also throw light on the nature of the phenomena 
which determine the character of curve 4, figure 4. The initial drop in 
curve 4 (in hydrogen) is explained by the fact that introduction of hydro- 
gen into the electrode chamber depressed the local polarity potentials in 
the apical region more than the local polarity of other regions. The high 
positive potential of the apical end disappeared and the apical end became 
temporarily electronegative to relatively more basal regions. The rise in 
the curve in hydrogen is due to the depression of inverted constituent 
B.M.F.’s and the relatively slow depression of basal components. Finally 
depression of all the component E.M.F.’s and the relatively greater depres- 
sion of apical components produced a flattened or inverted gradient and 
hence a second drop in the curve in hydrogen as shown. In the absence 
of such definite information as in the foregoing, the initial inverted bayonet- 
like part of the curve which occurs when oxygen is admitted to the chamber 
might be explained by either {a) a sudden increase in positivity at the 
basal end, or (6) a sudden decrease in the apical end. The results indi- 
cate that {a) is probably the correct interpretation. Curve 4 shows that 
the duration of this abrupt change was short. It was followed by a 
greater increase in positivity in the apical regions than in the basal regions, 
replacing the gradient to its previous slope in air and manifesting the 
characteristic rebound. During the rebound the slope assumed its greatest 
value. At the end of the period in oxygen it was less steep but as a rule 
the slope was greater than that exhibited by the gradient of the root in air, 
as the curves in figure 5 show. 

The results from this set of experiments, exposing the whole root-apex 
to change in oxygen concentration, corroborate the conclusions based upon 
the preceding sets of experiments, in which local regions only were exposed 
to change in oxygen tension. The effects on the young tissue at the apical 
end are relatively and absolutely so large in magnitude that they determine 
the character of the resultant polarity potential of the whole. This illus- 
trates what may properly be called an electrical dominance of the apex. 

Absence of significant change in total E.M.F. when oxygen concentration 
is changed in region outside of electrode contacts 

In several of the preceding sets of experiments the hydrogen and 
oxygen were passed directly into the electrode chamber exposing the whole 
robt and bulb. A sixth set of experiments was therefore carried out in 
order to determine whether the observed modifications of E.M.F. in hydro- 
gen and oxygen were linked with changes in parts of the root not included 
in the region between the electrode contacts. 

The position of the contacts and jacket is shown in figure 6 (diagrams F 
and 6) . The gases were passed through the jacket. Curves 1 and 2 in figure 6 
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show the results when the chamber was placed as illustrated in the diagrams 
(F and G). The curves show no significant changes in E,M.P. in hydrogen 
and oxygen ; neither did curves obtained when the periods of exposure were 
increased to 1-hour intervals. It is evident that the observed changes in 
E.M.P. concurrent with changes in oxygen concentration were due to 
changes in E.M.F. in the cells at and between the electrode contacts, and 
not to changes in neighboring cells. The experiments therefore indicate 
that the local changes in E.M.F.’s produced by change in oxygen tension 
are not transmitted in the ordinary sense of conduction of excitation, within 
the period of the experiments. 



Fia. 6. Absence of effect of change in oxygen concentration when gas jacket is 
placed outside of electrode circuit. Curve 1 was obtained when gas jacket and electrode 
contacts were in the position on the root shown in diagram F; curve 2, when gas jacket 
and electrode contacts were in the positions shown in diagram G. 

Discussion 

The preceding evidence, together with previously published facts on the 
respiratory exchange, conclusively establishes the fact of a quantitative 
linkage between electric polarity and respiration in the root-tip. That 
region which manifests the greatest magnitude of change in its regional 
polarity potential is the same region which exhibits the highest positive 
potential, the largest output of carbon dioxide production and oxygen con- 
sumption, the greatest capacity for methylene blue reduction, the highest 
concentration of sulphydryl groups, and the region in which visible struc- 
tural differentiation is at a minimum. These facts furnish a complete chain 
of evidence that morphological, functional, and electrical polarities are 
interrelated phenomena associated with the oxidative metabolism and with 
specific differences in the oxidative mechanisms of young and old tissues. 

The reversible inhibition of polarity potentials in the root-apex pro- 
duced by the absence of oxygen is similar to the reversible inhibition of 
electric polarity in the stem of Obelia and in frog skin produced by cyanide, 
ether, and chloroform (12, 16). In the root-apex and in Obelia the per- 
centage depression of E.M.F. was greater in the apical region than in the 
basal region. Lund (16) found that the electric polarity of frog skin was 
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changed by equal changes in oxygen tension on the two sides of the skin. 
As in the root apex, an oxygen deficit decreased the potential difference and 
exposure to high oxygen concentration increased the difference. Eeversible 
effects were observed in frog skin but the electric polarity was never com- 
pletely inverted as in the root-apex. 

The characteristic rebound in E.M.F. which occurs when (a) the 
whole ‘‘root-apex’’ or (6) the apical end only is exposed to oxygen after 
a period in its absence, is similar to the rebound effect which has been 
observed in the B.M.P. of frog skin when the oxygen concentration was 
changed from a low to a high value (15), and the E.M.F. of Douglas fir 
when the temperature was restored to its original value after a period of 
exposure to low temperature (18, 19). Furthermore, the rebound effect is 
also similar to the increase in velocity of oxidation, observed by a num- 
ber of investigators, when certain tissues and organisms were exposed 
to oxygen after a period in its absence; nerve (6, 6), muscle (5), tomato 
fruits (7), Planaria (11), and luminous bacteria (25, 8). Gustafson (7) 
also found that, in a given tomato fruit, the magnitude and continuance of 
increased velocity of oxidation when air w^as reintroduced into the chamber 
were dependent upon the length of the period of exposure to pure hydrogen 
or pure nitrogen. Although he makes no mention of it, his data show that 
the greatest increase in velocity of oxidation is associated with the younger 
green fruits as compared with the increase in respiratory activity of older 
pink or red-ripe fruits. These rehound phenomena in the velocity of oxida- 
tion are obviously to he explained hy an accunmlation of oxidizahle sub- 
stances during the periods in absence of oxygen or in low oxygen tension, 
and their increased rate of removal by oxidation upon readmission of oxy- 
gen, In such systems the ratios are clearly subject to change by change 

in the concentration of oxygen. The general occurrence of a rebound effect 
in the velocity of cell oxidations and the rebound effect in the E.M.F. ’s 
under corresponding conditions of change in oxygen tension leads directly 
to the conclusion that the mechanism which controls the velocity of cell 
oxidation also controls the magnitude of the cellular E.M.F. ’s. 

The gradient of the distribution of cellular E.M.F. ’s per unit length, 
which is an expression of gradation in the rate of output of electric energy 
quantitatively associated wdth corresponding differences in velocity of oxi- 
dation and structural differences, is distinctly modified by change in oxygen 
tension. Under the experimental conditions which obtained in this inves- 
tigation its slope was greatest in oxygen, less in air, and almost obliterated 
or inverted in hydrogen. 

Up to the present the only complete and satisfactory explanation of the ex- 
perimental results is furnished by Lund’s flux equilibrium theory of bioelec- 
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trie currents and cell oxidation which has been fully developed in a recent 
paper (17) . The continuously maintained potentials are the expression of re- 
dox states of electromotively active substances in flux equilibrium in polar 
cells. The observed change in Z Ep^ of the root-apex, with equal change in 
[0] at the apical end only, the basal end only, or the intervening region, is due 

to unequal changes in ratios in the cells of these regions ; and accord- 
ingly the change in Z Ep with equal and simultaneous change in [0] at 
all the specific regions of the root-apex is also due to unequal changes in 

the ratios of the local regions. The experiments show that the greatest 

change in flux concentrations of electromotively active substances in the 
cells of a specific region takes place in the young, relatively undifferentiated 
tissue of the apical end. The change in Z E,, with equal change in oxygen 
concentration constitutes the first critical evidence that the velocity of oxida- 
tion in young tissue is actually greater than that in old tissue, and that 
the active mass of oxidizable substance (or system) AHg is greater in 
young tissue. This conclusion is in accordance with recent results (unpub- 
lished), obtained in this laboratory by L. M. Henderson, that the percen- 
tage increase of oxygen consumption in apical pieces of the root tip {A. 
cepa) was greater than the percentage increase of basal pieces in the same 
increase in oxygen. It is in agreement with the observations on Obelia by 
Lund (17) which showed that the increase in velocity of oxidation in 
apical lialves of the stem was always proportionately greater than the 
increase in oxidation in basal halves caused by the same increase in oxygen 
concentration, and that there w^as a higher concentration of sulphydryl 
groups in the apical end. Finally, the conclusion that the effective con- 
centration of oxidizable substance (or system) AHo is proportionately 


2 2 Ep expresses the polarity potential of a polar tissue or organ. It is the algebraic 
sum of the polarity potentials {E^) of the individual cells. 

A simplified form of the electrochemical equation which expresses the polarity 
potential E of a single cell as given by Lxjnd is; 

[Aiy. lO]. 

P“2P [AH^], [A], [O], 

where R is the gas constant; T the absolute temperature; In the natural logarithm; 
F, the Faraday equivalent; and [A]^, [AH^]^, [O]^^, [O]^, the concen- 

trations of electromotively active substances. For the polarity potential 2 E^ of a polar 
tissue the equation may bo expanded to 


2E^ = 


L2P 


■RT, [A]^ [AHJ, rO] 
2F“[AH^]^ [A], LO] 


bjl 


[A], fAH^]. [O] 


lAHJ, [A]. LO] 
where the subscripts 1, 2, 3, etc., denote different cells. 


:].^[ :].4 L 
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much greater in the apical end is supported by the recent observations 
mentioned above that the concentration of sulphydryl substances is dis- 
tinctly more concentrated in the cells just behind the root cap. The fact 
that, as a rule, after an interval of 20 or 30 minutes in oxygen, the slope 
of the gradient which expresses the ZEp per unit length is greater 
than its slope in the initial period in air, shows that part of the surplus of 
oxidizable substances accumulated during the period in hydrogen is still 
available or that an increase in the velocity of the reaction X~>AH 2 
occurred and more AHg is continuously available. Concomitant with the 
difference in magnitude of rebound in B.M.P. in apical and basal ends 
of the root-apex is the apparent unequal acceleration of the reaction 
AHg + 0 A + HgO in apical and basal ends. Both the concentration of 
oxygen and the concentration of AHg are limiting factors which determine 
the magnitude and orientation of electric polarity in the root-apex. The 
conspicuously greater accumulation of electromotively active material in 
the apical end indicates that the mechanism of accumulation of such a large 
surplus of oxidizable substances is a definite characteristic of young tissue. 

Oxidation-reduction potentials are not, of course, the only means by 
which differences of potential are, or may be, established in living cells, 
and the flux equilibrium is not the only type of electrochemical equilibrium 
which may exist in the cell ; but it is the only type thus far considered in 
the literature of electrophysiology which can maintain in a direct manner a 
continuous output of electric energy. The theoretical requirements of the 
electrochemical equations which express the relation of the observed main- 
tained B.M.P. 's to the velocity of cell oxidation are given by Lund (17). 
The facts derived from the present investigation on the root tip, which is a 
polar tissue, specifically satisfy these requirements and therefore furnish 
direct evidence of the validity of the flux equilibrium concept. 

The experimental results appear to be of vital significance for cell 
dynamics and structural differentiation. Very direct evidence for this 
has been found in experiments on the effect of applied electric currents, 
now in progress. The polar tissues of the root are constantly generating 
electric energy, and the flux equilibrium is a state maintained, at least in 
part, by the relations between the intake of oxygen and the concentration 
of available substances for oxidation in the individual cells. The struc- 
tural differentiation of the cells and tissues has associated with it an elec- 
trical differentiation. The facts show that this is primarily a difference 
which depends for its significance upon the intensity factor of cell oxidation 
as expressed by oxidation-reduction potentials at oriented loci. There is 
an orientation of energy output in ceils of polar tissues, and the observed 
E.M.P. expresses the algebraic summation of local forces. In low oxygen 
concentration the observed output of electric energy is diminished, in high 
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oxygen concentration it is increased. Continuously maintained oxidation- 
reduction potentials are an expression of metabolic activities associated 
with output of electric energy, and from this it may be concluded that 
oriented electrometabolism is characteristic of polar tissues. 

It is well known that oxygen is necessary for the proper functioning of 
roots. Its absence inhibits growth, modifies cell division, and affects geo- 
tropic curvature.® It has been shown that the amount of available oxygen 
is also related to the rate of absorption of water and solutes by roots ( 10 , 
23, 24, 9). It is highly probable that the energy required for one or more 
of these oriented processes is derived to greater or lesser extent from the 
oriented continuous bioelectric currents in the root. 

Summary 

1. Evidence is presented which shows that the continuously maintained 
B.M.F.’s in the onion root {Allium cepa) are quantitatively linked with 
oxidative metabolism. By means of new apparatus and technique, de- 
scribed in the text, it was possible to measure the effect on the E.M.F. of 
the uninjured intact root when oxygen or other gases were applied to a root 
region of 1 mm. or more in length without mechanical stimulation and 
change in humidity or temperature. The investigation involved experi- 
ments on the distal 6 ± mm. of the root, a region designated as the “root- 
apex” for convenience. 

2. Change in oxygen concentration at (a) the apical region (1.5 mm.), 
(h) the basal region (1.5 mm.), and (c) an intermediate region of the root- 
apex, respectively, changes the regional polarity potential of each region 
and correspondingly modifies the total E.M.F. of the root-apex in each case. 

3. Simultaneous equal change in oxygen concentration at all the regions 
of the root-apex has an unequal effect on E.M.F. of the different regions of 
the root-apex. This is due to the fact that the effect in the young, relatively 
undifferentiated tissue of the apical end is relatively and absolutely so large 
in magnitude that it determines the character of the resultant polarity 
potential of the whole. 

4. The effect of change in E.M.F. produced by change in oxygen con- 
centration is reversible. In hydrogen the E.M.F. of a given region is dimin- 
ished ; in oxygen the E.M.F. is increased. 

5. The slope of the gradient which represents the output of electric 
energy per unit length of the root-apex is different in (a) air, (6) hydro- 
gen, and (c) oxygen. The gradient is flattened or may be inverted in 
hydrogen. Its slope is steepest in oxygen. 

»A review of the literature previous to 1921 is given by CutMitNTS (3). Beoent 
contributors are Boutoues (1), Navbz <21), Navbz and Caozms (22), and Zimmer- 
man (26). 
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6. The observed changes in E.M.F. concurrent with changes in oxygen 
concentration were produced by changes in E.M.P. between and at the 
electrode contacts and not by changes outside of the electrode circuit. 
These facts constitute additional confirmation of the validity of the prin- 
ciple of algebraic summation of individual cell E.M.F.’s. 

7. The results show that the velocity of oxidation is greatest in the cells 
actively engaged in cell multiplication. 

8. The typical rebound phenomenon which is apparently produced by 
the accumulation of oxidizable substances in the absence of oxygen is 
greatest in the young (apical end) tissue. 

9. The results furnish additional direct evidence for the validity of the 
theory that continuously maintained E.M.F.’s are generated by the redox 
system of the cell. The magnitude of the E.M.F. at any instant depends 
upon the conditions of a flux equilibrium in the process of cell oxidation. 

University op Texas 
Austin, Texas 
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PHYSIOLOGY OP APPLE VARIETIES" 

Alton H. Pinch 
(with six figures) 

Introduction 

A better understanding of physiological factors determining the growth 
and fruiting habits of different apple varieties {Malus mains) should sug- 
gest answers to many common orchard problems. Why, for example, do 
trees of some varieties habitually bear biennially while trees of others bear 
regularly, although given the same cultural treatment? Why do trees of 
some varieties come into profitable fruiting five to six years after planting 
while others do not fruit commercially until ten to twelve years of age? 
Why does one variety bear regularly for one grower and biennially for his 
neighbor? Other orchard conditions present similar problems for practical 
solution. 

The work described in this paper is the result of studies conducted at 
the University of Wisconsin during 1927, 1928, and 1929 in an effort to find 
physiological causes for the differences in growth and fruiting of some 
varieties of apples. 

Previous data sikjgesting an approach to the problem 

A direct relation between growth and fruiting character has been sug- 
gested for trees of the Wealthy variety (5). Differences of growth charac- 
ter and fruitfulness were produced by varying the environmental condi- 
tions under which the trees were grown. Strongly vegetative trees making 
a long, slender growth with a high nitrogen nutrient and also weakly vege- 
tative trees making a short, slender growth with a low nitrogen nutrient 
were non-fruitful. Between these two extremes of vegetative condition 
were trees having a relatively thick and moderately long growth which vras 
fruitful. 

Chemical analyses of the different types of growth revealed that the un- 
fruitful stj^ongly vegetative trees were high in nitrogen and low in carbo- 
hydrates, especially starch ; that the weakly vegetative unfruitful trees were 
low in nitrogen and high in carbohydrates ; and that the fruitful trees were 
of intermediate composition. Axillary and terminal buds were common on 
trees that were fruitful but which approached the strongly vegetative con- 
dition, while fruit bud formation was largely limited to spurs on trees that 

1 Publication authorized by the Director of the Wisconsin Agricultural Experiment 
Station. 
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approached the weakly vegetative condition. Between these two conditions 
fruit buds were produced in abundance laterally, terminally, and on spurs. 

The cause of the variation in growth and fruiting within a variety has 
been thought (2, 5, 6) to lie in a difference in chemical composition, par- 
ticularly as regards the relation of carbohydrates and nitrogen compounds. 
If this hypothesis is correct, it was reasoned that a difference in the forma- 
tion and utilization of carbohydrates and compounds of nitrogen might 
account to a degree for the difference in growth and fruiting habits of apple 
varieties. 

Materials 

For convenience in studying the factors underlying their variable fruit- 
ing behavior, apple varieties were classified according to their usual bearing 
habits, as follows : 

1. Biennially bearing varieties, in which a heavy crop tends to alter- 
nate each year with little or no crop under a rather wide range of 
orchard conditions. 

2. Regularly bearing varieties, which tend to bear a satisfactory com- 
mercial crop each year when given relatively good cultural condi- 
tions. 

3. Shyly bearing varieties, which tend to come into bearing late and 
which, for several years after beginning to bear, usually produce a 
light crop either biennially or regularly. 

It is not presumed that such an arbitrary classification holds for 
all varieties under all conditions. Trees of any variety may be found in 
any one of the classes, provided the proper environmental conditions obtain. 
Trees of all varieties tend to come into the first class as they grow older. 
Cultural and climatic conditions influence markedly the class into which a 
variety falls. 

Certain varieties were studied as representative of each class. Duchess 
and Wealthy were taken as typical of the biennially bearing varieties; 
Pameuse, Northwestern, and McIntosh of regularly bearing varieties ; Spy 
and in some cases Liveland or Newell of shyly bearing varieties. 

Rate and period of terminal growth. — The amount and period of 
terminal growth were obtained from trees growing in commercial orchards 
at Sturgeon Bay, Wisconsin. The growth curves for the biennially bearing 
Duchess and Wealthy, the regularly bearing McIntosh and Northwestern, 
and the shyly bearing Spy and Liveland were obtained from trees growing 
in the same orchard under similar soil and cultural conditions. Data upon 
the regularly bearing Wealthy and Duchess were obtained from rather 
heavily pruned and nitrated trees in a second orchard. Data for biennially 
bearing McIntosh, Fameuse, and Northwestern were obtained from trees in 
a third well cultivated but poorly fertilized orchard on light soil. The 
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biennially bearing Spy and Newell were old, lightly pruned trees growing 
in a fourth orchard receiving some cultivation but no fertilizer. 

Xylem formation and starch disappearance and accumulation. — 
Xylem formation and starch disappearance or accumulation were observed 
in the current season ^s growth or in one- and two-year old wood of some of 
the trees just described. 

Macrochemical analyses. — Samples for macrochemical analyses con- 
sisted of the entire current season’s terminal shoots from trees growing in 
commercial orchards at Sturgeon Bay, as previously described. Such 
material does not represent the highest or lowest extreme of carbohydrate 
or nitrogen content, but approximates that accompanying extremes of fruit- 
ing condition. 

Anatomical structure. — This was studied in terminal shoots from 
trees of commercial orchards at Sturgeon Bay, in nursery trees the first sea- 
son after being grafted and growing under uniform soil conditions in a 
nursery at Madison, and in yearling trees propagated on dwarf stocks grow- 
ing in pot culture with controlled nutrients. 

Methods 

Sampling. — The method of sampling employed was carefully to select 
typical samples of the class or group being observed, rather than to sample 
at random or in large numbers and draw conclusions after mathematical 
treatment of the data. In all cases where terminal shoots were used, they 
were selected for a particular character or quality of growth (fig. 1), as 
these have been observed to be associated with fruiting performance of the 
variety being sampled. The character of the terminal growth differs with 
variety as regards length, diameter, tapering, bark color, willowyness, 
brashness, length of internodes, and size of terminal leaves. In sampling 
the nursery trees and those growing in pots, care was taken to obtain sam- 
ples typical of the variety or plot, selections being made on the basis of 
growth character. 

Measurement op terminal growth. — ^Records of the rate of growth of 
the terminal shoots were obtained by measuring the length of the terminal 
shoot about every five days during the growing season. Data were taken 
in 1927 and 1928 but only the 1928 results are presented, as they are typi- 
cal of the two seasons. 

Xylem formation and starch disappearance and accumulation. — 
Samples from terminal shoots and one- and two-year old wood were col- 
lected at about five-day intervals during the spring of 1927 and 1928 at 
Madison and during the spring and summer of the same years at Sturgeon 
Bay. These were stored in formalin-alcohol-acetic acid solution (100 cc. of 
50 per cent, alcohol, 2-3 cc. of acetic acid, and 7 cc. of 40 per cent, forma- 
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Fio. 1. Tyjiical shoots of various fruiting classes. 

A. Fruitful terminal shoots of biennially bearing trees. Left, Duchess; 
right, Wealthy. These shoots tend to have large terminal leaves 
arising at wide angles, long terminal internodes, and a uniformly thick 
diameter. 

D. Terminal shoots of regularly bearing trees. Left, Fameuse; right, 
McIntosh. These shoots tend to have medium sized terminal leaves, 
moderately long terminal internodes, and a medium diameter which 
tapers somewhat. 

C. Terminal shoots of shyly bearing trees. Left, Spy; right, Newell. 
These shoots tend to have rather short terminal internodes, small 
terminal leaves arising at a sharj) angle, and a small tapering diam- 
eter. 

D. Unfruitful terminal shoots of biennially bearing trees. Left, Duchess; 
right, Wealthy. These shoots tend to have short terminal internodes, 
small terminal leaves arising at sharp angles, and a slender diameter. 

lin) . Freehand transverse sections were subsequently made : (1 ) at a point 
usually in the third internode from the tip; (2) at the middle of the shoot; 
and (3) at the base of the shoot. For the studies involving two-year old 
wood similar sections were made at corresponding points. The sections 
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were stained with a solution of iodine in potassium iodide and mounted in 
a glycerin solution of the same to render the reaction somewhat permanent. 
The width of secondary xylem was measured in units of an eyepiece microm- 
eter and recorded together with the estimated amount of starch. Starch 
storage may occur throughout the pith parenchyma but is usually more pro- 
nounced in the outer areas. It was observed in xylem and ray parenchyma 
and in phloem and cortical parenchyma. The amount of starch present was 
estimated from a consideration of the relative proportion of parenchyma 
cells of each tissue containing it, and also from the relative abundance with 
which it occurred within such cells. 

Macrochemical analyses. — Material for chemical analyses was col- 
lected on August 12, 1927, and *Tuly 27, 1928, at Sturgeon Bay, Wisconsin. 
On these dates, fruitfulness of the shoots might be expected to be related 
to their composition, if such relation exists, for blossom primordia were first 
observed during the early part of August each year. Data obtained in 
1927 were again in agreement with those of 1928 and are not shown. The 
material was dried at lOO"^ C. for a period of about one-half hour, followed 
at 60® C. until an approximately constant weight was reached. Analyses 
were made the following winter in each case. The dried samples were 
ground to pass a no. 80 mesh screen. The unmodified Kjoldahl method was 
used for determination of nitrogen, as little nitrate nitrogen has been re- 
ported in apple wood. Official methods of the Association of Official Agri- 
cultural Chemists were used in making carbohydrate determinations. 

Anatomical strttctitre. — Transverse sections 15-30 p thick were made 
with the sliding microtome from samples fixed and stored as previously 
described. Tliese were stained with safranin and aniline blue or with 
safranin and Delafield^s haematoxylin and mounted in balsam. Camera 
lucida diagrams of cross sections of pith tissue were made from material 
prepared in this maimer. 

High and low nitrogen nutrient. — Yearling trees of several varieties 
propagated on dwarf stocks were grown in the greenhouse in 14-inch pots 
containing practically pure quartz sand from January, 1928, to May, 1928, 
and then transferred to out-of-doors for the remainder of the season. Stock 
nutrient solutions prepared according to the following formula were used : 

With nitrogen Without nitrogen 


A A 

KNO 3 40 gm. MgSO^ 20 gm. 

MgS04 20 K0HPO4 20 

Ca(H2POj2 . 20 “ KH 2 PO, 10 

Water 920 cc. Water 950 cc. 

B B 

Ca(N 03)2 60 gm. CaS 04 Saturate 

Water 940 cc. Water .. . . 1000 cc. 
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The nutrient solution as supplied to the potted trees was prepared by 
diluting A and B each with seven parts of water and mixing together* One- 
half liter of this nutrient was added to each pot at about 10-day intervals 
during the period of most active growth, and less often later in the season. 
Six to eight trees of each variety were given the nutrient containing nitro- 
gen and an equal number given the nutrient without nitrogen. All trees 
were watered with tap water which contained traces of nitrogen. The rec- 
ords describing the growth made by the trees during 1928 (table III) were 
taken in October. The trees were then removed from the pots and stored 
in the cellar until January, 1929, when they were again potted and placed 
in the greenhouse but no nutrient other than that contained in the tap water 
was supplied. 

Definitions 

The terms fruitful shoot and fruitful growth have reference to the 
growth produced when fruit buds are formed and not when fruit is actually 
borne. (The blossoms appearing on a tree in May were differentiated the 
previous summer.) The terms non-fruitful shoot and unfruitful growth 
refer to the growth produced when no fruit buds are formed. Thus, on 
biennially bearing trees, a fruitful growth is made the season when the tree 
is not bearing fruit, and an unfruitful growth when the tree is bearing fruit. 

In the discussion of the anatomical structure of the xylem, the terms 
spring wood and summer wood are used. These terms designate a quality 
of the xylem rather than a time of formation. The first formed inner 
xylem, in which vessels are large and abundant, is spoken of as spring wood 
although not always formed in the spring. The last formed xylem, in which 
vessels are few and small and in which parenchymatous and fibrous cells are 
abundant, is spoken of as summer wood or summer xylem. 

Presentation of data 

Character of terminal shoot growth. — The quality of the terminal 
shoots as to length, diameter, degree of tapering, length of internodes, 
brashness, and size of terminal leaves is thought to be indicative of the 
physiological condition of the tree. 

The character of the terminal shoot growth produced by trees of rep- 
resentative varieties and fruiting types is shown in figure 1. The fruitful 
terminal growths made by trees of biennially bearing varieties were found 
to taper but little from base to tip, terminal internodes were long, and the 
last leaves formed were large, the wood itself being brashy. The unfruitful 
terminal shoot growth made by trees of biennially bearing varieties was 
willowy and tapered markedly from base to tip, terminal intemodes were 
short, and last formed leaves were small. Tho terminal shoot growth made 
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by trees of regularly bearing varieties was observed to be moderately brashy 
and moderately thick from base to tip, terminal intemodes were moderately 
long, and last leaves formed were moderately large. The terminal shoot 
growth made by trees of shyly bearing varieties was somewhat willowy and 
slender, terminal intemodes tended to be short, and last formed leaves 
moderately small. 



Fig. 2. Formation (width) of new zylem and relative starch content near tips of 
previous season’s growth. Fstimated from microscopic observations, spring of 1928, 
Madison, 'Wisconsin. 
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This description of growth character applies only when trees are fruit- 
ing typically for the variety. When a tree of a variety of one class fruited 
like trees of another class of varieties, the character of the terminal shoots 
produced was found to be correlated to and typical of the condition of 
fruitfulness. 

Starch disappearance. — The rate and completeness with which starch 
and cell wall thickenings (reserves) disappeared from the previous season’s 
shoots prior to, during, and following blossoming were studied as an indi- 
cation of the relative carbohydrate utilization in the shoots of the different 
classes and varieties of trees. 

The disappearance of starch from the previous season’s shoots was first 
initiated near growing points, as apical meristems and blossom buds, in 
biennially bearing trees which were entering the blossoming year (fig. 2). 
This disappearance was followed in point of time by regularly bearing trees, 
shyly bearing trees, and biennially bearing trees which were entering the 
non-blossoming year. 

In the blossoming year of the biennially bearing trees starch disappear- 
ance continued until after blossoming, when little remained in any of the 
tissues of the small branches. A large part of the reserve present as cell 
wall thickenings in the pith also disappeared, particularly in regions close 
to blossom buds, apparently being utilized in fruiting and in growth. 

In the non-blossoming year of the biennially bearing trees, starch disap- 
peared but little from the phloem, cortex, and xylem; a considerable amount 
remained in the pith. Starch which disappeared with the starting of growth 
in the spring was soon replaced and the content remained relatively high 
throughout the summer. Few if any of the cell wall thickenings of the pith 
disappeared. 

In the regularly bearing and in the shyly bearing trees starch was de- 
pleted less rapidly and less completely than in the blossoming and fruiting 
year of biennially bearing trees, but more rapidly and more completely 
than in the non-fruiting year of biennially bearing trees. 

Rate and period of terminal growth. — As has been suggested by many 
workers, the rate and period of terminal growth of a shoot may be influ- 
enced by the composition or nutritional condition of the shoot ; hence shoots 
. differing with respect to nutrition should have a different rate and period 
of terminal growth. With this thought in mind, the rate and period of 
elongation of the terminal shoots of trees of different varieties and classes 
of growth and fruiting were measured. The data for 1928 only are shown 
(fig. 3), being alike for the two years observed. All shoots of the class of 
which each curve is representative had growth curves markedly uniform 
as to configuration, although the total length of the shoots measured was 
found to vary within a class. 
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The rate and period of terminal growth of the unfruitful terminal shoots, 
of biennially bearing trees were found to be markedly different from that 
of the very fruitful growth of biennially bearing trees. The unfruitful 
shoot started growing later, its growth proceeded slowly during the early 
part of the growth period, it put on smaller leaves, and ceased elongation 
abruptly. The fruitful growth started much earlier and more rapidly, 
put on large leaves, and ceased elongation gradually. The growdh of the 



Fig. 3. Curves of terminal shoot growth, xylem development, and estimated starch 
accumulation in terminal shoots (third internode from tip) of trees of the various 
growth and fruiting classes. Sturgeon Bay, 1928. 

terminal shoots of the regularly bearing trees was intermediate in respect 
to time of starting growth, initial rate, and abruptness with which growth 
ceased. This was particularly true when equal lengths of all types of shoots 
were compared. Long terminal shoots of regularly bearing trees started 
growing in the spring nearly as fast as shorter but more fruitful growths 
of biennially bearing trees. The leveling of the growth curve of the ter- 
minal shoots of the shyly bearing varieties (Spy and Liveland) suggested 
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that of the curves for the unfruitful growths of biennially bearing trees. 

The relative amount of terminal elongation of the shoots after the last 
node has been formed (fig. 8 ) is of interest and possibly of significance. 
This elongation is due to lengthening of internodes. It may be that the 
short terminal internodes of unfruitful shoots and the abrupt flattening 
of their growth curve are related to a common fundamental condition, and 
likewise the long terminal internodes and gradual flattening of the growth 
curve of the fruitful shoots. 

If the form of the growth curve is influenced by the internal nutrition 
or composition of the shoot, then one interpretation that may be made of 
the elongation curves of figure 3 is that terminal shoots of trees of the 
different varieties and classes are unlike as to composition. The curves 
of the fruitful and of the unfruitful terminal shoots of biennially bearing 
trees possibly represent extremes of composition, those of shoots of regu- 
larly and shyly bearing trees indicating an intermediate composition. 

Xylem formation. — correlation of diameter thickness to fruiting 
performance has been suggested for spurs by Crow and Eidt (1) and for 
spurs and terminal shoots by Roberts (5). 

The formation of secondary xylem in the current season’s terminal 
shoots of trees of the different varieties and classes was found to be related 
to fruitfulness; that is, to blossom bud formation, in the shoots (fig. 3). 
It was initiated first, and proceeded most rapidly in the fruitful terminal 
shoots of biennially bearing trees. It was next initiated and proceeded 
moderately rapidly in the terminal shoots of regularly bearing trees. It 
was initiated later and proceeded slowly in the terminal shoots of shyly 
bearing trees. It was initiated last and proceeded most slowly in the 
unfruitful terminal shoots of biennially bearing trees. 

The widest xylem (measured at a point usually in the third internode 
below the tip of the shoot) was in the fruitful terminal shoots of biennially 
bearing trees. The terminal shoots of regularly and shyly bearing trees 
had the next widest xylem, and the unfruitful terminal shoots of biennially 
bearing trees had the narrowest xylem (figs. 4, 5). The xylem at the base 
of the shoot may be wider in a long growth such as a sucker or the terminal 
shoot of a regularly bearing tree than in the fruitful shoot. The width of 
the xylem in these cases, however, appears to be associated with the elon- 
gating of the shoot. The quality of such basal xylem, as indicated by ana- 
tomical structure, was not like that in the fruitful shoot. Spring xylem 
development in one-year old wood follows the initiation of starch disap- 
pearance and the initiation of terminal shoot growth. It is correlated with 
these and not directly with blossom bud formation. 

Starch accumulation. — Starch accumulation in the terminal shoots 
was investigated as a possible index of the carbohydrate composition of the 
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Fig. 4. The xylem in the fruitful growths of biennially bearing trees is much wider 
than that in the unfruitful growths. It has an abundance of summer wood containing 
many parenchymatous cells. 

A. Wealthy fruitful. B. Duchess fruitful. 

C. Wealthy unfruitful. D. Duchess unfruitful. 
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Fig. 6. The xylem in the terminal shoots of regularly and shyly bearing trees is 
intermediate in width and amount of summer wood but that of the shyly bearing ap- 
proaches the non-fruitful extreme. 

A. Northwestern. B. Mclntosli. 

C. Newell. D. gpy. 




Pio. 6. Camera lucida diagrams of representative areas near center of pith at 


base of nursery Avhips. 


A. Northwestern girdled. 


B. Wealthy untreated. 


C. Northwestern untreated. D. Fameuse untreated. 


E. Spy untreated. 


F. Northwestern defoliated. 


different shoots and as one factor associated with their fruiting performance. 
In the current season’s terminal shoots, starch accumulation begins at the 
base and proceeds upward. This accumulation and the formation of the 
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xylem progress uniformly in the current season growth. In older wood 
the presence of lateral branches and spurs causes local accumulations of 
starch and irregularities in width of xylem. 

Starch appeared first in the storage tissues of the fruitful terminal 
shoots of biennially bearing trees, and last in the unfruitful shoots of bi- 
ennially bearing trees. The appearance of starch in the terminal shoots 
of typically bearing trees of regularly and shyly bearing varieties occurred 
after that in the fruitful shoots but preceded that in the unfruitful shoots 
of the biennially bearing trees (fig. 3). 

The formation of the secondary thickenings of the pith cell walls 
appeared to precede the formation of starch in the cell. Starch was not 
found in pith cells which did not have secondary thickenings (fig. 6). In- 
versely it was observed that starch is removed from pith cells in the spring 
before the wall thickenings disappear. The total width of the thickenings 
was observed to vary between the different types of shoots, as does also the 
relative number of cells in the pith having such wall thickenings. 

A considerable amount of starch was present in the fruitful growths 
by June 20 (1928), whereas a comparable amount had not accumulated in 
unfruitful terminal shoots until the middle of July. About the first of 
August starch began to accumulate abundantly in all shoots. By the early 
part of September, it appeared that nearly as much starch was present in 
the unfruitful as in the fruitful growths, yet blossom buds were formed 
only on the fruitful shoots where starch storage took place early in the 
season. By the latter part of September or early October starch began 
disappearing from the terminal shoots. This disappearance was observed 
to be initiated at the base of the shoot and proceed upward. 

Chemical composition of tebminal shoots. — Data obtained from 
macrochemical analyses of tissue collected in 1928 appear in table I. The 
values found for percentage of ether extractable materials, free reducing 
and total reducing substances, do not show a consistent relation to growth 
character or to the amount of blossom bud formation in the shoot. The acid 
hydrolyzable fraction was somewhat correlated with the degree of fruitful- 
ness of the shoots of different varieties. Of the samples analyzed, starch 
content was found to be highest in the fruitful shoots of biennially bearing 
trees and lowest in the unfruitful shoots. The starch-nitrogen and total 
carbohydrate-nitrogen ratios were greatest in the fruitful and lowest in the 
unfruitful shoots. Evidently typically fruiting trees of biennially bearing 
varieties build up carbohydrates abundantly in relation to nitrogenous 
compounds the season that many fruit buds are formed. The next season, 
when the fruit is borne and no blossom buds are formed, they are relatively 
low in carbohydrates. Trees of regularly and shyly bearing varieties 
formed an intermediate number of fruit buds, and produced a terminal 
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growth that was intermediate in carbohydrate and nitrogen composition be- 
tween that produced during the ‘"on” and “off” years of biennial kinds. 

Shoots selected at random from those collected for macro-analyses were 
sectioned and observed microscopically. The results of these studies were 
in general agreement with the analytical data, although the former indicate 
wider extremes of starch and hemicellulose content than were revealed in 
the macro-analyses. 

These data cannot be interpreted as meaning that a maximum carbo- 
hydrate content makes for fruitfulness, since samples were taken only from 
the “fruitful range.” An unfruitful high carbohydrate-low nitrogen 
sample (3) was not included. 

The numerical values assigned to the ratios in table I are relative and 
not absolute. An absolute expression of chemical composition does not seem 
feasible. This is partly because of the failure of present methods of macro- 
analyses accurately to measure materials used in growth and fruiting. As 
in the present data, the ordinary methods of analyses recover only a part 
of the total material in the samjile, any metabolic value that the remainder 
may have not being estimated. Again there is the question of whether data 
showing composition should be expressed as percentage or in amounts per 
given unit. Anatomical studies have indicated that fruiting is associated 
with a quality of composition rather than with a quantity of materials. If 
such is true the percentage basis may provide a more accurate index by 
which the composition as related to fruiting may be expressed. 

Anatomical structure. — That the anatomy of the plant may reflect its 
vegetative and fruiting condition has been suggested by numerous workers, 
yet little use has been made of this method as one approach to the solution 
of certain physiological problems. In the present study consideration of 
anatomical features provided additional information. 

The xylem was found to vary widely in the different classes of shoots 
as to amount and quality (numbers and kinds of cells, size of cells, etc.) 
of summer wood present. The xylem of tlie fruitful growths of biennially 
bearing trees had the most summer wood; that of the unfruitful terminal 
growths had the least (fig. 4). Intermediate between these two extremes 
was the amount of summer wood present in the xylem of the terminal 
shoots of regularly and shyly bearing trees (fig. 5). 

The summer wood characteristic of the fruitful terminal shoot of a 
biennially bearing tree was found to have fewer vessels than the spring 
wood of the same shoot, or of the spring wood comprising practically the 
entire xylem in the unfruitful shoot. Other differences were also found 
which may have much significance from the standpoint of the chemical 
composition of the shoot, and particularly of changes in composition 
throughout the period of xylem formation. Outstanding among these were 
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the numbers and ratios of ray cells, vessels, fibers, and parenchyma (table 
II and figs. 4 and 5). 

TABLE II 

Ratios or riBsas, kat cells, and vessels to pabenchtma in outer xvleu or shoots 

or VARIOUS VARIETIES OROWINO UNDER SEVERAL CONDITIONS 



Fibers : 
Paren- 
chyma 

Bay cells : 
Paren- 
chyma 

Vessels ; 
Paren- 
chyma 

Terminal shoots of orchard trees 




Wealthy unfruitful 

5.8 




Duchess unfruitful ... 

5.9 



Spy 

5.5 

.. . . 


Newell 

5.4 

. ... 


Northwestern 

5.2 

1.8 

0.74 

McIntosh 

4.6 

1.7 

0.75 

Fameuse 

3.3 

1.3 

0.40 

Wealthy fruitful 

2.4 

0.72 

0.19 

Duchess fruitful 

2.5 

0.74 

0.20 

Wealthy, under-vegetative and unfruitful | 

2.0 

0.80 

0.20 

Base op nursery whips 




Spy • • • 

11.6 

1.7 

0.58 

Fameuse 

6.0 

0.86 

0.44 

Wealthy .. 

4.6 

0.65 

0.36 

Northwestern, defoliated 

12.9 

1.8 

0.65 

Northwestern, untreated 

6.2 

0.98 

0.30 

Northwestern, girdled . 

3.8 

0.76 

0.35 

Potted Wealthy trees 

Grown in shade with high nitrogen 
nutrient, girdled, sample taken below 




girdle 

13.3 

7.4 

1.9 

Grown in full sunlight with low nitro- 
gen nutrient, girdled, sample from 




above girdle 

2.5 

1.4 

0.45 


The summer xylem of the fruitful terminal shoots of biennially bearing 
trees had a relatively large number of parenchymatous cells, and the fiber 
to parenchyma ratio was low. The summer xylem of the terminal shoots 
of regularly bearing trees had a smaller number of parenchymatous cells, 
and the fiber to parenchyma ratio was higher. The summer xylem, of which 
there was very little in the terminal shoots of shyly bearing trees and in 
the unfruitful shoots of biennially bearing trees, contained few parenchyma 
cells and relatively many fibers. The same relationship of cells in the spring 
wood did not appear to have this definite trend from the fruitful to the 
unfruitful shoots. Spring wood varied less throughout the different types 
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of shoots than did the summer wood. The quality of the early formed 
spring wood appeared to be related to the presence and utilization of food 
reserves. Summer wood seemed related to the current supply and accumu- 
lation of elaborated foods during the growth period. 

That the character of the anatomical structure of the xylem may be 
markedly influenced by the chemical composition of the shoot was indicated 
by a study of the anatomy in Wealthy trees which represented wide 
extremes of growth character, fruitfulness, and composition (table II). 

1. Shoots on which no blossom buds formed were obtained from an old, 
poorly vegetative, unfruitful, nitrogen starved tree. The xylem of 
such shoots was composed almost entirely of summer wood in which 
parenchyma was abundant and the ratio of fibers to parenchyma 
was the lowest of any samples examined. It has been reported (6) 
that samples similar to these have a high carbohydrate and low nitro- 
gen composition. 

2. Shoots on which many blossom buds formed, and which corresponded 
in external appearance to the fruitful terminal shoots of biennially 
bearing trees, were obtained from trees growing in pot culture. In 
these the xylem contained considerable summer wood in which the 
number of parenchyma cells was relatively high and the ratio of fibers 
to parenchyma was relatively low. It has been reported (5, 6) that 
such shoots have a relatively high carbohydrate and intermediate 
nitrogen content. 

3. Shoots on which no blossom buds formed were taken from below a 
girdle on shaded trees growing in pots with a high nitrogen nutrient. 
The xylem of such shoots contained little summer wood and in it the 
number of parenchyma cells was small and the ratio of fibers to paren- 
chyma was high. It has been reported (6) that samples similar to 
these have a low carbohydrate and high nitrogen content. 

If the chemical composition of these types of shoots has been correctly 
reported, is it not further evidence that : 

1. The fruitful terminal shoots of biennially bearing varieties (which 
have in the xylem a large amount of summer wood containing much 
parenchyma and few fibers) are of a relatively high carbohydrate 
and low nitrogen composition ; 

2. The terminal shoots of trees of regularly and shyly bearing varieties 
(which have in the xylem somewhat less summer wood and paren- 
chyma and more fibers) are of somewhat lower carbohydrate and 
higher nitrogen composition ; 

3. The unfruitful terminal shoots of trees of biennially bearing varie- 
ties (which have in the xylem little summer wood, few parenchyma, 
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and many fibers) are of relatively low carbohydrate and high nitro- 
gen composition? 

A study of the anatomy of nursery whips also yielded further evidence. 
Some were defoliated and others girdled during midsummer. Sections of 
these and of untreated trees taken in late fall after growth had ceased 
showed that the relative amount of parenchyma in the last formed xylem 
was least in defoliated, next highest in untreated, and highest in girdled 
trees (table II). The relative carbohydrate content as observed in the pith 
of these trees is represented in the camera lucida diagrams of figure 6. The 
carbohydrate-nitrogen ratio has been found by Harvey (2) to be least in 
defoliated, next highest in untreated, and highest in girdled shoots. 

Nursery whips of different varieties were found to differ in number of 
parenchymatous cells and in the parenchyma to fiber ratio in the outer 
xylem. Of Spy, Fameuse, and Wealthy, Spy had relatively the lowest num- 
ber of parenchyma cells, comparable to defoliated Northwestern. Fameuse 
was comparable to Northwestern untreated ; Wealthy had relatively the great- 
est number of parenchymatous cells and was comparable to girdled North- 
western (table IT ) . Of these same nursery trees the amount of starch and the 
secondary cell wall thickenings in the pith were greatest in Northwestern 
girdled and Wealthy untreated; were intermediate in Northwestern and 
Fameuse untreated ; were least in Northwestern defoliated and Spy 
untreated (fig, 6). 

If the relative number of parenchyma cells in the xylem and the relative 
amount of starch and secondary cell wall thickenings of the pith give an 
index of the amount of carbohydrates present in young trees, then the 
Wealthy, even in the nursery row, starts to accumulate carbohydrates fairly 
abundantly, Fameuse and Northwestern less so, and Spy least of all. 

It may be significant that the age at which trees of these varieties ordi- 
narily come into bearing is in the same order as the rate or degree to which 
these data indicate carbohydrates to be formed in the young nursery trees. 
The growth made by young trees of all varieties indicates that they tend to 
be of a higher nitrogen composition than older trees. As carbohydrates 
accumulate the tree makes less and less growth, a condition of fruitfulness 
finally resulting. Trees of those varieties which form carbohydrates most 
abundantly usually reach this condition first, depending upon cultural con- 
ditions. Similarly, when grown with a deficiency of nitrogen, they are 
often the first to reach, later in life, an unfruitful condition in which the 
character of growth produced is characteristic of an excessively high carbo- 
hydrate composition. 

Response to high and low nitrogen nutrient. — If trees of different 
varieties differ in formation and use of carbohydrate and nitrogen com- 
pounds, then the amount and quality of the growth produced by trees of 
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different varieties when grown under similar and controlled nitrogen 
nutrient conditions might be different. 

It was found that potted trees of different varieties did not respond 
alike to similar nutrient conditions (table III). Under high nitrogen 
nutrient, Duchess and Wealthy trees were the only ones to form blossom 
buds the first season after potting. Trees of the other varieties were over- 
vegetative ; that is, a relatively long, tapering, unfruitful growth was made. 
With low nitrogen nutrient conditions, Duchess and Wealthy trees were 
under-vegetative; that is, a short slender growth was made; the growth 
of McIntosh closely approached the fruitful character but no fruit buds 
were formed. Northwestern and Spy were still over-vegetative in 
growth type. 

It is significant that under a high nitrogen nutrient Spy showed almost 
the least and Wealthy the greatest relative increase in weight; under low 
nitrogen nutrient Spy showed the greatest and Wealthy the least increase 
(table III). Spy increased in weight more in low nitrogen nutrient than 
in high; Wealthy and Duchess gained more weight in high nitrogen 
than in low. 

In January of 1929 these trees were again potted, placed in the green- 
house, and allowed to grow without soil nutrient other than that contained 
in tap water. The amount of growth made under these conditions would 
seem fairly indicative of the quality or amount of previous seasons' reserves 
present in the trees. Of the trees previously grown in high nitrogen 
nutrient. Duchess and Wealthy made the most growth (total length), 
McIntosh and Northwestern less, and Spy least. This small amount of 
growth of Spy was apparently because of a deficiency of carbohydrate 
reserves formed in 1928. Of the trees which had been in low nitrogen 
nutrient in 1928, Spy made the most growth, Duchess and Wealthy least. 
This small amount of growth of Duchess and Wealthy was apparently 
because of a deficiency of nitrogen reserves formed in 1928. 

Discussion 

The recognition that the cause of the difference in fruiting performance 
between varieties may be related to differences in growth character as 
induced by differences in carbohydrate and nitrogen utilization by the trees 
provides a basis for planning cultural treatments. Growth type and carbo- 
hydrate and nitrogen composition can be altered in the orchard easily, 
practically, and in many instances economically, by such ordinary practices 
as pruning, the application of readily available nitrogenous fertilizers, and 
by other soil management programs. Since some varieties tend to be rela- 
tively higher in nitrogen and some relatively higher in carbohydrates, the 
same amount or kind of pruning, the same fertilizer applications, or the 
same soil management may have opposite effects when applied to different 
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varieties. The adaptation of cultural treatments to a variety must be based 
on the performance of that variety under the conditions and locality in 
which it is being grown. These can be only suggested here. 

Trees of such varieties as Spy, Newell, and Golden Russett, upon reach- 
ing a bearing size, should be treated to increase the carbohydrate content 
in order to increase fruitfulness. Less of a nitrogenous fertilizer need be 
applied. Pruning should be of the thinning-out type to allow more sun- 
light to reach the leaves. Bending of branches to admit sunlight may be 
a practical means of inducing early bearing. This has been reported ( 4 ) 
to have increased the yields of 9-year-old Spy trees in New York. 

By comparison, trees of such varieties as Duchess, Wealthy, or Trans- 
parent should be treated to avoid an excessively high carbohydrate con- 
tent. This can be done by soil management practices which increase the 
available nitrogen of the soil ; and by pruning, particularly of the heading- 
back type which gives the response of a lowered carbohydrate content or 
of an increased nitrogen content. 

The present study suggests further evidence for the view that the fruit- 
ing performance of a tree is dependent upon the nutritional condition 
existing within it, rather tlian directly upon any specific environmental 
influence. It has emphasized the importance, as has been set forth by other 
workers, of a condition of balance between extremes in growth character 
and chemical composition of the trees as favoring fruitfulness. While 
genetic differences are perhaps the underlying causes for the differences 
in varietal behavior, they are expressed in orderly and more or less under- 
standable physiological processes, a knowledge of which furnishes a basis 
for cultural treatment. 

An interesting as well as an important fact that has come from this 
study is the relation between chemical composition, fruitfulness, growth 
character, growth rate and period, rate and period of xylem formation, 
presence or absence of summer wood, and cell distribution in the xylem. It 
may be that information can be obtained of one phase of plant performance 
by considering it in relation to others. 

A study of the anatomical structure of the plant has been used as one 
means of measuring its physiological condition. This method of attack 
may prove of further value in the solution of some physiological problems, 
particularly in view of the present uncertainty of macrochemical methods 
to yield completely satisfactory results and also in view of the relative 
ease with which some seasonal nutritional changes can be detected ana- 
tomically. 

The present study has emphasized the importance of the time and initial 
rate of growth in determining the fruitfulness of the resulting shoot. Fur- 
ther knowledge is needed of the chemistry of food reserves upon which 
growth in the spring is largely dependent. 
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Summary 

1. The data presented give evidence that the relative position between 
the extremes of vegetativeness that trees of a variety normally occupy is 
correlated with the typical fruiting performance of trees of the variety. 
The degree of vegetativeness is closely related to or determined by the chem- 
ical composition of the tree, particularly as regards carbohydrate and 
nitrogen contents. 

2. Of the samples analyzed, the starch and total carbohydrate contents 
and starch-nitrogen and total carbohydrate-nitrogen ratios were highest 
in fruitful terminal shoots of trees of biennially bearing varieties. They 
were next highest in terminal shoots of trees of regularly and shyly bearing 
varieties. They were lowest in the unfruitful terminal shoots of trees of 
biennially bearing varieties. (Nitrogen starved non-fruitful trees were 
not analyzed.) 

3. Numerical expressions of chemical composition, particularly of carbo- 
hydrate-nitrogen ratios, are only relative because of limitations of present 
methods of macro-analyses. 

4. Terminal growth was first initiated and proceeded more rapidly 
during the early part of the growing period in the fruitful than in the 
unfruitful terminal shoots of trees of biennially bearing varieties. Ter- 
minal growth of trees of regularly and shyly bearing varieties was inter- 
mediate in point of time of initiation and initial rate. 

5. Accumulation of starch and formation of xylem were initiated earlier 
and proceeded more rapidly in the fruitful terminal shoots of trees of bi- 
ennially bearing varieties than in the unfruitful terminal shoots. These 
were intermediate in the terminal shoots of trees of regularly and shyly 
bearing varieties. 

6. The width of xylem in the terminal shoots of trees of regularly and 
shyly bearing varieties was intermediate between that of unfruitful and 
fruitful terminal shoots of trees of biennially bearing varieties. 

7. Summer wood formation in the xylem was associated with carbo- 
hydrate accumulation. It was abundant in the xylem of fruitful terminal 
shoots of trees of biennially bearing varieties. It was less abundant in 
terminal shoots of trees of regularly and shyly bearing varieties and least 
abundant in unfruitful terminal shoots of trees of biennially bearing 
varieties, 

8. A relatively large number of parenchymatous cells and a low fiber 
to parenchyma ratio in the xylem were associated with a high carbohydrate, 
low nitrogen composition. Conversely, a relatively small number of paren- 
chymatous cells and a high fiber to parenchyma ratio in the xylem were 
associated with a low carbohydrate, high nitrogen composition. 
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9. Trees of different varieties propagated on dwarf stocks did not re- 
spond equally to similar nutrient conditions in amount and character of 
growth produced. 

10. Fruitfulness was correlated with character of terminal growth, 
growth rate and period, rate and period of xylem formation, presence of 
summer wood, cell distribution in the xylem, and chemical composition. 

11 . The time and rate at which terminal growth, with its accompanying 
leaf formation, are initiated in the spring appeared to be highly correlated 
with the fruitfulness of the resulting growth. 

12. The chemical composition of trees of a variety as indicated by the 
character of the terminal shoot growth may be used as an index to cultural 
needs. 

13. The unfruitful growths of biennially bearing trees represent an 
extreme of composition. The fruitful growths represent an intermediate 
condition. A possible other extreme of samples from nitrogen-starved trees 
was not included. 

Gratitude is extended to Dr. R. H. Robp^kts, who suggested this study 
and gave counsel throughout tlie course of the work, and to Dr. W, E. Tot- 
TiNGHAM and others of the plant chemistry department, University of Wis- 
consin, who gave helpful advice and kindly permitted the use of their labo- 
ratory for conducting the macrochemical analyses. 

University or Arizona 
Tucson, Arizona 
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DETERMINATION OF THE NITROGENOUS FRACTIONS IN 
VEGETATIVE TISSUE OF THE PEACH^ 

0. W. Davidson and J. W. Shive 
Introduction 

All vegetative parts of the peach contain a glucoside which may be 
hydrolyzed to form hydrocyanic acid, benzaldehyde, and glucose by the 
action of any enzyme, or enzymes, also present in the various tissues. The 
cyanogenetic glucoside or glucosides are not present in the same concentra- 
tion in all parts of the plant. Thus in the fruit flesh it is found only in very 
minute amounts, although some investigators (12) have reported it to be 
absent from this part. Cyanogen compounds are known to occur in many 
plants, however, but they are supposed to be present only as glucosides. 
Nevertheless, Willaman (26) and others have found in some plants what 
was regarded as either free hydrocyanic acid or hydrocyanic acid from a 
very unstable glucoside. Although no free hydrocyanic acid is known to 
exist in the peach, the cyanogenetic glucoside, or glucosides, are either more 
stable in dormant or slowly growing plants than in rapidly growing ones, 
or else their specific enzymes are relatively inactive in the slowly growing 
plants. 

Because of the presence of a nitrogenous glucoside, or glucosides, peach 
tissue cannot be macerated in the preparation of an extract of soluble nitro- 
gen without a consequent loss of nitrogen. Certain modifications in the 
procedure commonly employed for plant analyses are necessary, therefore, 
and the nitrogen contained in this glucoside must be determined and re- 
moved completely from an aqueous extract of peach tissues before the 
remaining nitrogenous fractions can be determined accurately. 

In the present study an attempt has been made to modify the methods 
commonly employed for the determination of the nitrogenous fractions in 
plants in general, so that they may be used for investigations of these frac- 
tions in the tissues of the peach {Prunus persica Stokes). 

The methods described are suitable for use with samples comprising 50 
gm. or more of fresh plant material. Samples of this size have been found 
adequate to give representative results. Only aqueous extracts prepared 
from fresh plant material were regarded as suitable for use in this con- 
nection, since Chibnall (4) has shown that such extracts are more ap- 
plicable than any others in a study of the nitrogen distribution in plants. 

The investigation is admittedly incomplete in that it does not include 
a study of the composition of all parts of the peach plant sampled at various 

I Journal Series paper of the New Jersey Agricultural Experiment Station, Depart- 
ment of Plant Physiology. 
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stages of growth. There may be parts of the plant that at times will require 
special handling previous to extraction, such as that indicated by Robinson 

(14). 

Materials and methods 

In these studies the stem material used consisted of twigs one year old 
or less taken from peach trees grown in an orchard or in sand cultures in 
a greenhouse. Only the non-woody portions of the root systems of peach 
trees grown in sand cultures were analyzed. The material consisted of the 
tender white ends of roots from which the cortex had not sloughed off, and 
3-5 cm. of the older portions from which the cortex was missing. 

Preparation op tissue for extraction 

In the preparation of an extract from peach tissue, it is necessary that 
the enzyme or enzymes which hydrolyze cyanogenetic glueosides be de- 
stroyed as early in the process as possible. Unless the material is handled 
quickly and precautions are taken to prevent or minimize the hydrolysis of 
the glucoside, some of the hydrocyanic acid liberated may be lost during the 
preparation of the extract. Before the enzyme is destroyed, how'ever, the 
material must be prepared for aliquoting and extracting. 

Accordingly the twigs were ground to shreds in a pencil sharpener (7). 
When entirely woody, the whole twig could be ground in this manner. In 
the case of actively growing shoots, however, the terminal 8-10 cm. of 
growth, and the short, slender side branches could not be ground satis- 
factorily in a pencil sharpener because of lack of rigidity in the tissue. 
Such material was therefore minced finely with pruning shears and then 
mixed thoroughly with the shredded material and aliquoted. 

Method op extracting 

In studying the nitrogen distribution in the leaves of Prunus lauro- 
cerasus, Robinson (14) placed a small sample of minced leaves in a flask, 
added cold water, and then inserted a stopper fitted with tubes to permit a 
strong current of air to be passed through the contents. The aeration was 
started and the flask was heated until the contents reached boiling point, 
at which it was held for 20 minutes. Any hydrocyanic acid distilled over 
was collected in 5 per cent, sodium hydroxide contained in a flask immersed 
in an ice bath. By continuing the aeration for three hours after boiling, 
she presumably recovered any hydrocyanic acid liberated from the tissue 
before the emulsin was destroyed. Through this procedure she recovered 
half or more of the cyanide present in cherry laurel leaves. The remaining 
cyanogenetic nitrogen was recovered by the action of emulsin upon an 
aliquot of the aqueous extract. 
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Inasmuch as P. laurocerasus and P. persica are closely related species, 
it was expected that peach stem tissue subjected to this treatment would 
likewise yield a portion of the nitrogen contained in its cyanogenetic gluco- 
side. The amounts of hydrocyanic acid recovered from samples of peach 
tissue boiled and aerated in this manner^ varied widely. In the case of 
dormant and slowly growing peach stems no hydrocyanic acid was liberated. 
Samples comprised of the terminal 15-20 cm. of stems that were growing 
rather slowly in late August, however, liberated a very small amount of 
cyanogenetic nitrogen equivalent to only 0.0022 per cent, of their green 
weight. At the same time the stem tips of fast growing suckers taken from 
young trees yielded cyanogenetic nitrogen equivalent to 0.0145 per cent, of 
their green weights. During June, when the peach trees were growing 
most rapidly, a sample comprised of the terminal 15-20 cm. of rapidly 
growing stems liberated cyanogenetic nitrogen equivalent to as much as 
0.0438 per cent, of the green weight. This sample contained a relatively 
large proportion of meristematic tissue rich in nitrogenous constituents. 
Nevertheless the unusually high proportion of hydrocyanic acid recovered 
in the distillate indicates that the cyanogenetic glucoside found in rapidly 
growing peach stems is less stable than that found in slowly growing stems, 
or else that the emulsin present in the former is more active than that in 
the latter. 

It is interesting to note that no hydrocyanic acid was liberated when the 
leaves of rapidly growing peach stems were boiled and aspirated. The short 
period of time required for the preparation of a sample of the leaves before 
bringing them to a boil may have been too brief to allow an appreciable 
amount of hydrolysis of the cyanogenetic glucoside to take place. 

ViEHOEVER, Johns, and Alsberq (22) used various treatments for dis- 
tilling the cyanogenetic nitrogen from Tridens flavus. Their results showed 
that no hydrocyanic acid, or at the most only a very small proportion, was 
liberated when the tissue was distilled without the addition of acid. 

It is evident that a wide range of stability is exhibited by the various 
cyanogenetic glucosides found in plants. Indeed there is considerable indi- 
cation of a variation in the stability of the cyanogenetic glucoside or gluco- 
sides found within a single plant (26) . 

The preliminary boiling under a reflux condenser recommended by 
Robinson was therefore omitted in the preparation of extracts from 
dormant and slowly growing peach stems, and from roots and leaves. In 
this case an aqueous extract was prepared by covering a 50-gm. aliquot of 
the finely minced plant material with boiling water in a large beaker, and 

2 lu this work, hot instead of cold water was added to the samples in the distilling 
flasks in order to hasten the destruction of enzymes and to minimize the liberation of 
hydrocyanic acid from the tissue. 
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allowing the contents to boil for 20 minutes. Following this the tissue was 
transferred to ‘‘longcloth*' and washed repeatedly, then placed in a mortar 
where the pieces minced with shears were pounded to a pulp. A further 
extraction was accomplished by boiling the tissue again for 10 minutes 
and then washing it several times, to make a volume of approximately 950 
cc. This method is essentially the same as that adopted by Vickery and 
PucHER ( 21 ) for an investigation of the nitrogenous fractions in tobacco 
leaves. It has been studied recently by Davidson, Clark, and Shive (6) for 
use with a number of plants, including the peach. 

When actively growing peach stems were extracted, it was necessary to 
use the preliminary distillation and aspiration recommended by Robinson. 
For this purpose the sample was placed in a 24iter Florence flask and 
covered with 400 to 500 cc. of boiling water. After the aspiration had been 
continued for three hours, the sample was extracted as described in the 
preceding paragraph. 

Owing to the bulkiness of the shredded peach stem tissue, samples 
heavier than 50 gm. were seldom used, and samples weighing from 80 to 100 
gm. were always extracted with about 1900 cc. of water in order to insure a 
thorough removal of the soluble nitrogen present. Since minced peach 
roots are much less bulky than minced or shredded peach stems, root samples 
heavier than 50 gm. could be extracted conveniently with 1 liter of water. 

A peach extract obtained in this manner contains very little nitrogen 
that can be coagulated by heating with very dilute acetic acid. Neverthe- 
less the extract, having a volume of approximately 900 to 950 cc., was heated 
to boiling in a large beaker, 1,5 cc. of 10 per cent, acetic acid was added, and 
the solution was allowed to boil for 1 minute. The hot extract then was 
filtered through paper pulp in a Buchner funnel with the aid of suction. 

In a previous investigation ( 6 ), the amounts and distribution of soluble 
nitrogen in representative aliquots of peach stems were compared after ex- 
traction with boiling water as just described, and after grinding in a mortar 
with the aid of sand, followed by extraction with cold water. By the latter 
method the glucoside probably was exposed to the active enzyme for more 
than an hour longer than it was by the boiling method. During this period 
of maceration in the mortar, 11.66 per cent, of the cyanogenetic nitrogen 
present either was lost or was combined in some stable compound that did 
not permit its release in the subsequent treatments. Alsberg and Black 
( 1 ), working with Prunus virginiana and Andropogon sorghum, recovered 
less hydrocyanic acid after a period of maceration than by the distillation 
of fresh comminuted leaves. 

Cyanogenetic nitrogen 

An analysis of the various nitrogenous fractions in an extract of peach 
tissue presents little diflSculty after the complete removal of cyanogenetic 
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nitrogen has been effected. Indeed for the analysis of an extract free of 
this form of nitrogen, the methods employed by Nightingale et al. (9, 10), 
Tiedjens and Eobbins (19), Tibdjens and Blake (20), and others (6) may 
be used with only slight modifications. 

The quantitative recovery of cyanogenetic nitrogen in peach tissue ex- 
tracts, however, has presented considerable difficulty. A review of the 
literature dealing with methods for determining this form of nitrogen in 
plants has revealed a variety of procedures, none of which is entirely satis- 
factory. 

Determination by acid hydrolysis. — The hydrolysis of amygdalin by 
acids and by emulsin has attracted the attention of chemists for many years. 
Auld (2), Walker and Krieble (26), and later Krieble (8), have made 
special studies of the methods and products of the hydrolysis of amygdalin. 
These investigations have shown that the nitrogen in amygdalin is con- 
verted readily to ammonium sulphate by the action of concentrated sul- 
phuric acid. When treated with dilute sulphuric acid, however, the hy- 
drolysis takes a different course, forming 1-mandelonitrile, from which 
hydrocyanic acid is liberated slowly and incompletely. These studies have 
shown clearly that the hydrolysis of amygdalin, with the subsequent libera- 
tion of hydrocyanic acid, is accomplished more rapidly and more com- 
pletely by the action of emulsin than by that of acids. 

Alsbebg and Black (1) concluded that all of the hydrocyanic acid that 
could be obtained from the leaves of Prunus virginiana was liberated dur- 
ing hydrolysis by boiling with 5 per cent, sulphuric acid for 4 hours, 
whereas that recovered from Andropogon sorghum and Panicularia nervata 
was liberated during hydrolysis for 1 hour with the same concentration 
of acid. This conclusion, however, was based upon the assumption that all 
of the cyanogenetic nitrogen present in the glucosides was liberated when 
further acid hydrolysis failed to release any more hydrocyanic acid, an 
assumption that has been shown (26) to be unjustified. 

It was considered here that information concerning the extent to which 
hydrocyanic acid is liberated from extracts of peach tissue during hydroly- 
sis with sulphuric acid might be of considerable importance. Thus if it 
were found that this form of nitrogen could be removed quantitatively by 
such treatment, then, by subtraction, Kjeldahl determinations before and 
after hydrolysis would reveal the amount of cyanogenetic nitrogen present. 
Furthermore, if this fraction could be removed during the 2.5-hour hy- 
drolysis with 5 per cent, sulphuric acid used in the determination of amide 
nitrogen, the analysis would be simplified by the elimination of one 
procedure. 

Accordingly aliquots of an extract prepared from peach stems were 
hydrolyzed by boiling for different lengths of time under condensers of 
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the Hopkins type with two concentrations of sulphuric acid. The amounts 
of hydrocyanic acid liberated were determined by a comparison of the 
amounts of total nitrogen in the aliquots before and after hydrolysis. 
Similar aliquots of the same extract also were hydrolyzed with emulsin, 
following a method that will be described later. The results obtained, to- 
gether with data showing the behavior of c.p. amygdalin when hydrolyzed 
with dilute sulphuric acid and with emulsin, are presented in table I. It 
is apparent that, during acid hydrolysis, the behavior of the cyanogenetic 
glucoside in a peach stem extract is very similar to that of amygdalin. 
It is also apparent that the decomposition of the glucoside by hydrolysis 
with dilute sulphuric acid is far from complete. Nevertheless duplicate 
aliquots, after hydrolysis for the same time and with the same concentra- 
tion of acid, always yielded similar amounts of nitrogen. This fact would 
seem to indicate that, under similar conditions of hydrolysis, the decompo- 
sition of the glucoside stops at a fairly definite stage. 

TABLE I 

Comparison or amounts or hydrocyanic acid nitrogen liberated prom aliquots of a 

PEACH STEM EXTRACT AND FROM A 1% SOLUTION OP AMYGDALIN BY HYDROLYSIS 
WITH DILUTE SULPHURIC ACTD AND WITH EMULSIN 


Treatment 

Total 

NITROGEN 

i Yield of 
, HCN-N 

Becovery 

OR liOSS of 

IICN^-N 

100 cc. of stem extract, Kjoldahlized 

100 cc. of stem extract, hydrolyzed with eraul- 

gm. gm. 

0.00860 ! 

% 

sin 

100 cc. of stem extract, hydrolyzed 2.5 hours 

0.00555* 

; 0.00309 

1 

loot 

with 6 % H 2 SO 4 

100 cc. of stem extract, hydrolyzed 5 hours 

0.00649 

1 0.00211 

69 

with 5% HjSO* 

100 cc. of stem extract, hydrolyzed 5 hours 

0.00607 

0.00253 

1 

82 

with 10 % H 2 SO 4 

0.00656 

! 0.00203 

66 

100 cc. of 1 % amygdalin, Kjeldahlized . . . 
100 cc. of 1 % amygdalin, hydrolyzed with 
emulsin 

100 cc. of 1% amygdalin, hydrolyzed 2.5 hours 

0.02813 1 

1 0.02810 

100 

with 6 % H 2 SO 4 

0.00778 

0.02055 

73 


* The amount HCN~N recovered by hydrolysis with emulsin is taken as 100% of 
that present in the aliquot, although the actual recovery from c.p. amygdalin was 
99.89%. 

t This figure does not include any of the nitrogen added by emulsin. 

DeTEBMINATION by enzymatic hydrolysis. — ^WlLLAMAN (26), after 
obtaining unusually low yields of hydrocyanic acid from amygdalin by 
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means of hydrolysis with 5 per cent, sulphuric acid, abandoned this pro- 
cedure for the analysis of plant tissues. He therefore chose emulsin as an 
hydrolytic agent and recovered as much as 98.5 per cent, of the theoretical 
amount of cyanide nitrogen present in samples of amygdalin when the 
enzyme was allowed to operate over a period of 24 hours. 

In the more recent work of Eobinson ( 14 ), the cyanogenetic glucosides 
in Prunufi laurocerasus, as well as in Andropogon sorghum, were hydrolyzed 
by emulsin and the hydrocyanic acid formed was removed by aspiration 
for 3 hours and collected in 5 per cent, sodium hydroxide. This method 
has the advantage of being much more rapid than that used by Willaman, 
since the removal of hydrocyanic acid favors a more complete hydrolysis 
of the glucoside. This may be anticipated from the work of Auld (2), who 
has shown that the hydrolysis of amygdalin by emulsin may not go to com- 
pletion in the presence of the hydrolytic products. Kbieble (8) has shown 
also that emulsin has synthetic properties in the presence of hydrocyanic 
acid and benzaldehyde. 

It is of interest to note that none of the investigators studying cyano- 
genesis in plants recognized any need for adjusting the solution containing 
the glucoside to a reaction favorable to the hydrolytic activity of emulsin. 
Although this enzyme is active over a fairly wide range of pH values, its 
optimum range is comparatively narrow. Vulquin (23) found that regard- 
less of the agents used to adjust the reaction of the solution, and regardless 
of the quality of the emulsin used, the maximum cleavage of amygdalin 
occurs when the hydrogen ion concentration is between pH 5.2 and 5.7. 
WiLLSTATTER and Csanyi (27) concluded that a reaction between pH 5.0 
and 6.5 is favorable to the hydrolysis of amygdalin by emulsin, and that 
the optimum reaction is approximately pH 6. 

Inasmuch as the reaction of extracts of peach tissue prepared as de- 
scribed previously was usually about pH 4.6 to 4.7, it was considered 
advisable to determine the reaction at which such extracts yield the maxi- 
mum amounts of hydrocyanic acid when hydrolyzed with emulsin. For 
this purpose a l-liter extract was prepared from 50 gm. of peach stems 
(var. Cumberland), and duplicate 100-cc. aliquots of this were adjusted 
to the reactions shown in table II. The amounts of cyanogenetic nitrogen 
present were then determined by the method recommended by Eoe ( 16 ). 
Thus 0.05® gm. of emulsin was added to each aliquot contained in a 300-cc. 
Florence flask, which was then closed by inserting a rubber stopper con- 
taining aspiration tubes sealed by clamps placed on the rubber connections. 

8 In later analyses, 0.02 gm. of emulsin was found adequate for such extracts. 
Since some preparations of emulsin have a high content of nitrogen, a known amount 
of the enzyme should always be added and an excess avoided when the extract is to be 
partitioned for the determination of other nitrogen fractions. 
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The aliquots were warmed to 40®~50® C. for 15 to 30 minutes, after which 
each flask was connected to a correspondingly numbered flask containing 
100 cc. of 5 per cent, sodium hydroxide. The flasks were arranged in a 
series and a strong current of air was drawn through them for 4 hours. 
The cyanide collected in the sodium hydroxide flasks was titrated with 
N/lOO silver nitrate, using 10 drops of 10 per cent, potassium iodide as an 
indicator. At the end of the period of aspiration the reactions of the various 
aliquots were determined again and were found to have changed in all but 
one instance. This change was due probably to the fact that the initial pH 
readings were taken before equilibrium in the extract had been established. 

The amounts of cyanogenetic nitrogen obtained from the various aliquots 
during this experiment are shown in table II. The maximum recovery, that 
at pH 5.7, is expressed as 100 per cent, for comparison with the recovery at 
other reactions. That the amount recovered at pH 5.7 may be very close 
to 100 per cent, of the cyanogenetic nitrogen present in the extract is indi- 
cated by the fact, as shown in table I, that 99.89 per cent, of the nitrogen 
present in aliquots of a 1 per cent, solution of amygdalin adjusted to this 
reaction was recovered under similar conditions. 

TABLE II 

CoMPAEisoN or ErrECTs or hydrogen ion concentration op extract upon amounts or 


CYANOGENETIC NITROGEN RECOVERED PROM PEACH STEMS 


Initial pH 

Final pH 

Cyanogenetic nitrogen recovered 

Grams per 50 
GM. or tissue 

Percentage 

recovery 

1 


ffm . 

% 

5.0 

5.1 

0.02381 

95.9 

6.0 

5.0 

0.02381 

95.9 

5.5 

5.3 

0.02410 

97.1 

6.6 

6.3 

0.02410 

97.1 

6.0 

5.7 

0.02497 

100.0 

6.0 

5.7 

0.02468 


6.5 

6.0 

0.02410 

97.1 

6.5 

6.1 

0.02381 

95.9 

7.0 

6.6 

0.02265 

87.2 

7.0 

6.5 

0.02322 

93.5 


Another experiment similar to the one just described was carried out 
using a 1-liter extract prepared from 50 gm. of stem tissue taken from a 
different tree (P, kansuensis x P, persica hybrid) . One hundred cc. aliquots 
of this extract were adjusted to reactions ranging from pH 4.0 to 7.0, as 
shown in table III. After standing for 4 hours the reactions showed a 
change of from 0.1 to 0.5 of a pH unit. The solutions were readjusted to 
the desired reactions, therefore, 0.05 gm. of emulsin added to each, and the 
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cyanogenetic nitrogen determined as in the preceding experiment. Sub- 
sequent changes in the reactions of the solutions were very slight. The 
amounts of cyanogenetic nitrogen found are presented in table III, where 
the maximum recovery is expressed as 100 per cent, for comparative pur- 
poses. 

TABLE III 

Comparison op kppects op hydrogen ion concentration op extract upon amounts op 

CYANOGENETIC NITROGEN RECOVERED PROM PEACH STEMS 


pH 

Cyanogenetic nitrogen recovered 

Grams per 50 gm. op tissue 

Percentage recovery 



% 

4.0 i 

0.02621 

63.8 

4.5 

0.03717 1 

90.5 

5.0 i 

0.03801 1 

94.7 

5.5 : 

0.04109 1 

100.0 

6.0 . ! 

0.04029 

98.1 

6.5 

0.03731 ! 

90.8 

7.0 

0.01713 i 

41.7 


From these two experiments it is apparent that the optimum reaction 
for the enzymatic hydrolysis of the cyanogenetic glucosides in an extract 
of peach tissue is approximately pH 5.5 to 5.7. It is apparent also that a 
reaction between pH 5.5 and 6.0 is satisfactory for most analytical pur- 
poses. This range of hydrogen ion concentrations is in good agreement with 
those found by Vulquin (23) and by Willstatter and Csanyi (27) for 
enzymatic hydrolysis of amygdalin. 

In this connection it is of interest to note that the reaction of an extract 
of peach stems prepared without the addition of any acid was found to be 
approximately pH 5.3. Such a reaction, of course, is too low for the maxi- 
mum recovery of the cyanogenetic nitrogen present. This does not mean, 
however, that the emulsin naturally present in peach tissues functions at 
pH 5.3. Cells in the phloem of the peach range in reaction from pH 5.4 
to approximately pH 6.5, whereas most of the cells in the xylem have re- 
actions ranging from pH 4.2 to 4.4. The extract of peach stems just de- 
scribed represents a composite sample of the soluble constituents of all 
tissues present, and its reaction should therefore be intermediate between 
the highest and the lowest reactions found in the cells. 

It is apparent, therefore, that for the complete recovery of the cyano- 
genetic nitrogen from extracts of peach tissue, as well as from solutions 
of amygdalin, an enzymatic hydrolysis should be employed. It is evident 
also that this hydrolysis should be conducted at a reaction between pH 5.5 
and 6.0, and that the hydrocyanic acid formed should be removed rapidly. 
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Ammonium nitrogen 

Robinson (14) displaced ammonia from extracts of P. laurocerasus with 
a saturated solution of borax during distillation in vacuo at 60® C*, after 
the method of Watchorn and Holmes (24). Since it has been shown (16, 
19) that when 0.5 per cent, sodium hydroxide was substituted for a satu- 
rated solution of sodium carbonate in the method of Sessions and Shive 
(16), slightly but consistently larger amounts of ammonia were recovered 
from plant extracts, it was anticipated that the use of borax would not 
displace all of the ammonium nitrogen present in peach extracts. Tiedjens 
(18) found that the amount of ammonium nitrogen recovered by aspiration 
with 0.5 per cent, sodium hydroxide corresponded to the amount recovered 
by electrodialysis. 

Aliquots of a peach stem extract were analyzed for ammonium nitrogen, 
both by the method of Watchorn and Holmes and by the method of 
Sessions and Siiive, using 0.65 per cent, sodium hydroxide.* 

When the results of the two methods were compared (table IV), the 
difference in the amounts of ammonium nitrogen recovered was far greater 
than was expected. It was obvious that some form of nitrogen, not nor- 
mally present as ammonium, was being liberated by the treatment with 
dilute sodium hydroxide but not by the treatment with borax. 

TABLE IV 

Comparison or amounts or ammonium nitrogen recovered from peach stem extracts 
IN the presence or cyanogenetic nitrogen and ferrous sulphate 


Treatment 

Nitrogen recovered 
FROM 50 GM. OF 
TISSUE 


gm. 

1. Aspirated with 0.65% NaOH in presence of cyanogenetic 


nitrogen .... 

0.0363 

2. Aspirated with 0.65% NaOII after removal of cyanoge- 


netic nitrogen 

i 0.0064 

3. Distilled in vacuo with a saturated solution of borax in 

1 

presence of cyanogenetic nitrogen 

; 0.0024 

4. Distilled in vacuo with a saturated solution of borax after 


removal of cyanogenetic nitrogen .... 

0.0023 

5. Aspirated with 0.65% NaOH in presence of cyanogenetic 


nitrogen plus 5 mg. of FeSO^ • 7HaO .... 

0.0200 

6. Aspirated with 0.65% NaOH in presence of cyanogenetic 


nitrogen plus 500 mg. of FeSO* • THjO 

0.0076 


^ In preliminary work it was found that 0.65 per cent, sodium hydroxide displaced 
very consistent amounts of ammonia from peach extracts, whereas the use of 0.5 per 
cent, sodium hydroxide did not always give good agreement among duplicates. 
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In order to obtain further information regarding this point, the aliquots 
used were made neutral to litmus, adjusted to a reaction between pH 5.5 
and 6.0, and the amount of cyanogenetic nitrogen present determined. No 
cyanogenetic nitrogen was liberated after the treatment with dilute sodium 
hydroxide, and only 68 per cent, of the amount previously found to be 
present was recovered from aliquots treated with borax. Moreover, the 
data shown in table V indicate that the increase in the amount of nitrogen 
recovered during aspiration with 0.65 per cent, sodium hydroxide does not 
account for all of the cyanogenetic nitrogen present in the extract. The 
results show also that both of the methods used for the determination of am- 
monium nitrogen in the presence of cyanogenetic nitrogen either caused a 
loss of the same amount of the latter, or caused the same amount of the 
glucoside to be affected in such a manner that it was stable toward emulsin. 

As a means of studying the behavior of the cyanogenetic glucoside at 
room temperatures, solutions of amygdalin were aspirated with different 
concentrations of alkali and were found to liberate varying amounts of the 
nitrogen present. The results showed that the nitrogen in amygdalin may 
be wholly or partially converted to ammonia during hydrolysis with 0.65 
per cent, sodium hydroxide at room temperatures. It was noticed, however, 
that the first one or two flasks in a series (those nearest to the suction 
pump) always liberated more ammonia than did any of the others. The 


TABLE V 

Summary or pactoks ArrECTiNO recovery or cyanogenetic nitrogen prom 

PEACH STEM EXTRACTS 


Treatment 

Grams in 50 gm. 

OF STEMS 


gm. 

1. Cyanogenetic nitrogen recovered from initial aliquots by 


hydrolysis with emulsin 

0.0482 

2. Cyanogenetic nitrogen recovered by aspiration with 0,65% 


NaOH 

0.0299 

3. Cyanogenetic nitrogen recovered after hydrolysis of (2-) 


by emulsin 

0.0000 

4. Cyanogenetic nitrogen tied up during aspiration with 


0.65% NaOH 

0.0153 

5. Cyanogenetic nitrogen recovered by hydrolysis with emul- 


sin following displacement of ammonia by borax 

0.0330 

6. Cyanogenetic nitrogen tied up during displacement of 


ammonia by borax . 

0.0X52 

7. Nitrogen in addition to that from amides recovered after 


hydrolysis of (3) with 5% H 5 S 04 for 2.5 hours (emul- 


sin blank deducted) 

0.0159 
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erratic results thus obtained with amygdalin were not typical of the 
behavior of peach extracts during similar treatment. 

The failure to obtain complete recovery of cyanogenetic nitrogen follow- 
ing ammonia determinations suggested that ferro- or ferricyanides might 
be formed by a reaction between the soluble iron compounds present and 
any cyanide liberated from the glucoside in an alkaline solution. The nitro- 
gen involved in such a reaction would of course be combined in an undis- 
sociated complex, from which it could be recovered neither by alkaline nor 
by enzymatic hydrolysis. The presence of such compounds in peach ex- 
tracts, however, could not be established definitely. Nevertheless, the addi- 
tion of ferrous sulphate to an extract before aspiration with 0.65 per cent, 
sodium hydroxide always resulted in the recovery of less nitrogen than was 
obtained by similar treatment without the addition of the iron salt. In 
table IV it will be observed that, when 500 mg. of ferrous sulphate were 
added to an extract, the amount of nitrogen recovered corresponded closely 
with, but was somewhat higher than, the amount of ammonium nitrogen 
found in the extract, indicating that practically all of the cyanogenetic 
nitrogen was combined in some way with the iron salt. 

Referring to table V again, it is observed that the cyanogenetic nitrogen 
not recovered from a peach extract during aspiration with 0.65 per cent, 
sodium hydroxide was recovered quantitatively after hydrolysis by boiling 
for 2.5 hours with 5 per cent, sulphuric acid. This demonstrated that no 
cyanogenetic nitrogen was lost during ammonia determinations, and showed 
that it was not combined as an iron cyanide complex, since the latter during 
hydrolysis with dilute sulphuric acid should form hydrocyanic acid instead 
of an ammonium salt. 

It is apparent, therefore, that ammonium nitrogen in peach extracts 
should be determined by aspiration with sodium hydroxide only after the 
removal of cyanogenetic nitrogen. Also, since the use of 0.65 per cent, 
sodium hydroxide permits a more nearly complete displacement of ammo- 
nium nitrogen from the extracts, it is preferable to either borax or sodium 
carbonate for this purpose, especially since the addition of these substances 
produces a high salt concentration which often interferes with aliquoting 
for amino nitrogen. 

Total soluble nitrogen 

Following the removal of cyanogenetic and ammonium nitrogen, the ali- 
quots in which these fractions were determined were neutralized, made 
faintly acid by the addition of a drop of acetic acid, and then evaporated to 
dryness. The amount of nitrogen remaining in the aliquots was estimated 
by Kjeldahlization as modified to include nitrates. The sum of cyanoge- 
netic, ammonium, and Kjeldahl values gave the amount of total soluble 
nitrogen present. 
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Amide nitrogen 

It was shown in table I that, when a peach extract was hydrolyzed with 
5 per cent, sulphuric acid for 2.5 hours, the procedure usually employed in 
the determination of amides, only about 75 per cent, of the cyanogenetic 
nitrogen present was liberated as hydrocyanic acid. In table V it was 
shown that, when the cyanogenetic nitrogen was not removed completely 
before the amide hydrolysis, the values obtained for the latter fraction were 
high. It is apparent, therefore, that the cyanogenetic nitrogen should be 
removed before amide nitrogen is determined. 

Since emulsin contains a high percentage of nitrogen, it was realized 
that either this substance must be removed after the hydrolysis of the gluco- 
side, or the amounts of nitrogen added by it to the amide, basic, amino, 
total soluble, etc., fractions must be determined. When, however, attempts 
were made to precipitate emulsin and to filter it from extracts, its complete 
removal was never satisfactorily accomplished. Robinson ( 14 ) likewise 
reported inability to remove by precipitation the nitrogen added by 
emulsin. 

In order to determine how the addition of emulsin to a peach extract 
would affect the various nitrogenous fractions studied, duplicate 0.0500-gm. 
samples of the enzyme were subjected to precisely the same procedure as 
were those used in the analysis of the extracts. The results presented in 
table VI show that the amounts of emulsin ordinarily added to an extract 
increase appreciably only the total soluble, amide, total amino, and basic 
nitrogen fractions. Hence it is obvious that, when the nitrogenous compo- 
sition of the emulsin preparation is known and when carefully weighed 
amounts of the latter are used, the nitrogen thus added to the above frac- 
tions of the extract may be deducted. 

During the present study the extent to which the nitrogenous composi- 
tion of different preparations of emulsin may vary was not investigated. 


TABLE VI 

Disteibxjtion op nitrogen in 0.0500 om. samples op emulsin used in hydrolysis 


Fraction 

Amount op nitrogen pound 


gm. 

% 

Total N 

0.00559 

11.180 

Cyanogenetic N 

None 

None 

Ammonium N 

0.00006 

0.012 

Amide N 

0.00099 

0.980 

Humin N 

None 

None 

Total amino N 

0.00112 

2.232 

Mono amino N .. 

0.00008 

0.016 

Basic N 

0.00168 

3.360 
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since material from only a single preparation was used. Nevertheless it 
may be anticipated from the studies of Willstatter and Oppenhbimer 
(28) that different preparations of emulsin might vary in their composi- 
tion. 

The following method was therefore adopted for the estimation of amide 
nitrogen in peach extracts : After the removal of two 100-cc. aliquots used 
for cyanogenetic, ammonium, and total soluble nitrogen determinations, the 
remaining 800 cc. of a 1-liter extract were evaporated to 200 cc. and divided 
into two equal portions. Since the remaining soluble nitrogen fractions in 
the extract were present only in very small amounts, their estimation in 
concentrated aliquots avoided the use of an unnecessarily large aliquot fac- 
tor. Cyanogenetic nitrogen was then removed from each of these aliquots 
as described previously. Sulphuric acid suflSicient to give a concentration 
of 5 per cent, was added and the amide nitrogen present was hydrolyzed to 
ammonium nitrogen by boiling under condensers for 2.5 hours. The ali- 
quots were then neutralized and the total ammonium nitrogen present 
determined by aspiration with 0.65 per cent, sodium hydroxide. The in- 
crease in nitrogen recovered over that found previously in the ammonia was 
amide nitrogen. 

Humin nitrogen 

Following the removal of amide nitrogen, the aliquots were neutralized 
and the acid insoluble humin precipitate formed during the amide hydroly- 
sis was filtered off. The precipitate was washed thoroughly with hot dis- 
tilled water, dried, and Kjeldahlized. The nitrogen found in this precipi- 
tate is referred to as humin nitrogen. 

Nitrate nitrogen 

Nitrate nitrogen was determined by the method of Sessions and Shive 
(16) on aliquots free of cyanogenetic nitrogen. Since 0.65 per cent, sodium 
hydroxide was used for the reduction with Devarda^s alloy and for the sub- 
sequent displacement of ammonia, cyanogenetic nitrogen, if preSent, would 
be converted partially to ammonia and would therefore give high values for 
the nitrate fraction. 

Accordingly this fraction was sometimes estimated in the same aliquots 
in which the ammonium nitrogen had been determined, but the presence of 
Devarda’s alloy often made it inconvenient to use these samples for the 
Kjeldahlization of the remaining soluble nitrogen. It was found very con- 
venient, however, to estimate nitrates in 25 cc. of the filtrate from the humin 
precipitate after it had been made to a volume of 100 cc. 

Basic nitrogen 

The phosphotungstic acid method of Osborne and Harris (11) was 
employed to precipitate the basic nitrogen present in 50-cc. aliquots of the 
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filtrate from the humin precipitate. The basic precipitate was not washed 
with a dilute solution of the precipitating reagent, since it was found that 
such treatment often dissolved some of the precipitate and caused poor 
agreement between duplicates. The aliquots were filtered through small 
sized filter paper and the precipitates allowed to drain overnight. Inas- 
much as the filtrate contained only a very low percentage of nitrogen, the 
amount of non-basic nitrogen retained in the precipitate by this method of 
handling was slight. 

Amino nitrogen 

Amino nitrogen was always estimated by the Van Slyke method on 10- 
cc. portions of the filtrate from the humin precipitate, and on similar por- 
tions of the filtrate from the basic precipitate. With the exception of 
extracts prepared from young, actively growing trees, the amounts of amino 
nitrogen found in peach extracts of the concentrations used in this study 
were very small. Because of this, a gas burette from a micro-Van Slyke 
apparatus was fitted on a macro-apparatus in order to permit the more accu- 
rate reading of the gas evolved. 

Total nitrogen 

It was anticipated from the work of Ranker (13) that the Kjeldahl 
method, modified to include nitrates, would not recover all of the nitrogen 
present when determinations were made on green tissue containing nitrates. 
Strowd (17) has shown also that appreciable amounts of nitrates are recov- 
ered by Kjeldahl determinations even without the addition of reducing 
agents. Hence it seemed inadvisable to use the ordinary Kjeldahl method 
without the modification to include nitrates, and then to add to the amount 
of nitrogen recovered any nitrate nitrogen found by separate determina- 
tions to be present. It is evident that, for the accurate recovery of total 
nitrogen in the presence of nitrates, only dried plant material should be 
used; nevertheless the work of Robinson (14) indicates that a loss of nitro- 
gen as hydrocyanic acid may take place during the drying of peach tissue. 

In accordance with these considerations, different lots of peach tissue, 
some containing nitrates and some free of nitrates, were analyzed for total 
nitrogen by the use of a sulphuric-salicylic acid mixture and zinc to fix and 
reduce nitrates. Samples consisting of 8 gm. of green tissue were weighed 
rapidly but carefully in triplicate, and covered immediately with the 
sulphuric-salicylic acid mixture. Other aliquots of the same tissues were 
placed in an oven operated at 103° to 105° C. for one-half hqur, after which 
the temperature was lowered to 65°-70° C. until the material was dry. 
These dried samples were ground in a drug mill, heated to 70° C. for one 
hour, and then cooled in a desiccator. Total nitrogen determinations were 
run on 1-gm. portions of the dried material, using the same procedure as 
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that used on the green tissue. A comparison of the results is shown in 
table VII. 


TABLE VII 

Comparison or quantities op total nitrogen, expressed as percentage op dry weight, 

RECOVERED BY KJELDAHL DETERMINATIONS ON GREEN AND DRY TISSUE, 

WITH AND WITHOUT THE PRESENCE OP NITRATES 


Tissues used 

Pecentage of 

NITRATE-NITROGEN 
PRESENT IN DRY 

TISSUE 

NiTBtOQEN recov- 
ered PROM GREEN 

TISSUE 

Nitrogen recov- 

‘ ERBD prom dry 

TISSUE 


% 

% 

% 

Stems 

0.000 

1.695 

1.718 

Stems 

0.000 

1.498 

1.524 

Stems 

0.000 

1.260 

1.267 

Stems 

0.041 

1.182 

1.281 

Boots 

0.000 

4.026 

3.931 

Boots .... 

0.023 

3.750 

3.694 

Boots . 

0.944 

3.311 

3.675 

Boots . . 

2.518 

3.439 

3.974 


It is obvious that peach tissue loses little if any of its nitrogen during 
the drying process. There is some indication of a slight loss of nitrogen 
from root tissue while drying, but there is no evidence of any loss occurring 
from stem tissue during similar treatment. The tender, white, non-woody 
portions of the peach roots used in these analyses contained considerably 
more of the cyanogenetic glucoside on a dry weight basis than did the stems. 
At the same time it is possible that the glucoside contained in peach roots 
is less stable than that found in the stems. Willaman (26) believes that 
sorghum does not contain all of its cyanogenetic nitrogen in the form of 
dhurrin, and that at times a part, or all, of this form of nitrogen may exist 
in some less stable compound. 

Peach roots may also contain a high percentage of nitrates, all of which 
may not be recovered by the modified Kjeldahl determination, unless the 
tissue is thoroughly dry before the sulphuric-salicylic acid mixture is added, 
and unless the digestion is conducted very slowly. 

Distribution of nitrogen 

The amounts and distribution of nitrogen in peach trees vary tremen- 
dously with the conditions under which they are grown and with the activ- 
ity of the plants at the time of sampling. In order to illustrate these varia- 
tions, the percentages of the different nitrogenous fractions found in 
seedlings of Early Crawford, sampled while still growing in a greenhouse 
on November 1, are compared in table VIII with similar fractions found in 
the variety Cumberland sampled in the orchard on March 16. Although 
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NnsoGENOtrs fbactions ik peach stems and boots expressed as percentage op green and dry matter, and as percentage 
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* Owing to the methods of analysis used with these two samples, the values presented for cyanogenetic, ammonium, and 
amide nitrogen may not be absolutely correct. Nevertheless any inaccuracies present are believed to be of minor importance. 
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no attempt has been made to ascertain the extent of varietal differences, the 
data show a wide range in the proportions of nitrogen found in the cyano- 
genetic, amide, amino, basic, and nitrate fractions. 

Nitrates, for example, are not usually found in stems and leaves of peach 
trees grown in orchards in New Jersey, but they are sometimes present in 
small amounts in the tops of trees grown in sand cultures and supplied with 
nutrient solutions having high reactions and containing an abundance of 
this form of nitrogen. As shown in table VIII, the small non-woody roots 
of peach trees grown in sand cultures may contain considerably more 
nitrate than soluble organic nitrogen. When grown under orchard condi- 
tions, however, such roots seldom contain much nitrate nitrogen. 

It is apparent that peach trees may exhibit wide differences in the dis- 
tribution of their nitrogen. This is probably true for all plants. The sig- 
nificance of such differences in the peach cannot be considered here but will 
be dealt with in another publication. 

Summary 

1. No hydrocyanic acid was liberated when dormant or slowly growing 
peach stems were minced rapidly and boiled according to the method recom- 
mended by Robinson ( 14 ). With the same method of treatment the termi- 
nal portions of moderately or rapidly growing peach stems liberated very 
small to very appreciable quantities of hydrocyanic acid. 

2. The optimum reaction for the enzymatic hydrolysis of the cyanoge- 
netic glucosides in extracts of peach tissues is approximately pll 5.5 to 5.7. 
A reaction between pH 5.5 and 6.0 is satisfactory for most analytical 
purposes. 

3. The cyanogenetic nitrogen present in peach extracts never was com- 
pletely liberated during hydrolysis by boiling with various concentrations 
of sulphuric acid for different lengths of time. 

4. During aspiration with 0.65 per cent, sodium hydroxide in the deter- 
mination of ammonium nitrogen by the method of Sessions and Shive ( 16 ), 
cyanogenetic nitrogen may be more or less completely hydrolyzed to ammo- 
nium nitrogen. Because of this it was found necessary to remove cyano- 
genetic nitrogen as a first step in the analytical procedure in order to avoid 
inaccuracies in the determination of ammonium and amide nitrogen. 

6. The addition of a soluble iron salt to a peach extract was found to 
prevent almost completely the hydrolysis of cyanogenetic nitrogen to ammo- 
nium nitrogen in an alkaline solution. 

6. Considerably more ammonium nitrogen may be recovered from ex- 
tracts of peach tissues by aspiration with 0.65 per cent, sodium hydroxide 
at room temperatures by the method of Sessions and Shive than by distil- 
lation in vacuo at 60° C. with a saturated solution of borax according to the 
method of Watchorn and Holmes. 
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7. When precautions were taken to destroy quiekly the emulsin present 
in green peach tissues, no loss of nitrogen occurred during the drying of 
stem material. Under similar conditions of drying, root material lost a 
slight but not appreciable amount of nitrogen. 

Grateful acknowledgment is hereby extended to Dr, G. T. Nightingale 
and to Dr. W. C. Russell for many valuable suggestions offered during the 
progress of this work. 

New Jersey Agricultural Experiment Station 
New Brunswick, New Jersey 
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CARBON DIOXIDE BALANCE AT HIGH LIGHT INTENSITIES 
Elukr S. Miller and G. O. Burr 
(wrrH TWELVE figures) 

Introduction 

In this first paper of a proposed series, it is shown that at a high light 
intensity all plants studied reached the same limiting COj concentration 
and maintained this level for many hours of continuous illumination. Ten 
species of widely different types of leafy plants have been used, and at low 
temperatures these behaved alike. It appears, therefore, that there is an 
extremely narrow range of CO^ concentration which so greatly limits the 
rate of photosynthesis that differences in rates of respiration and other 
internal factors have little effect on this point of balance between respired 
and assimilated COj. 

Over a wide range this COj balance is independent of temperature. At 
very high temperatures (36° C.), however, some species no longer main- 
tain the usual COj balance, but reach a much higher value (figs. 6, 8). This 
is especially emphasized here because of its relation to the abnormal photo- 
synthetic behavior of plants reported recently by Kostytschew and co- 
workers (8, 9). 

Apparatus 

Although much work has been done with land plants or single leaves, 
many workers in recent years have turned to the submerged plant because 
of the c6ise with which its conditions can be controlled. It is true that in 
photosynthetic work with high light intensities, leaves or whole plants are 
subjected to abnormal conditions when inclosed in a glass vessel through 
which a very slow stream of air is drawn. This makes for abnormally high 
internal temperatures and humidities because of restricted air cooling and 
evaporation. 

The important feature of the apparatus used for this work is the closed 
system which permits a continuous and vigorous circulation of air about the 
plant (fig. 1). This makes possible an easy control of the humidity, tem- 
perature, and evaporating power of the air. The leaves may be raised to a 
high temperature while the roots are kept cool, thus maintaining the plant 
in an environment which is not unusual. The simple apparatus pictured in 
figure 1 makes possible a wide range of temperature and humidity. The air 
temperature can easily be held constant to within ± 1° 0. over a period of 
12 hours or more without attention. In this work the temperature has 
been varied from 4° to 37° C. and there is no reason why a still wider 
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range cannot be just as easily attained. Atmometer readings and transpira- 
tion records indicate that the evaporating power of the air has been kept 
fairly high. The only means of lowering humidity in these experiments has 
been the condensation of water in the cooled parts of the apparatus. A 
further reduction of humidity can be accomplished by the insertion of a 
drying agent in the circulating air stream. Work along this line is being 
undertaken. 



Pig. 1. Photosynthesis chamber and connections. 


The plant chamber (fig. 1 6?) is constructed of tinned copper. This 
permits ready temperature control in conjunction with the copper tubes 
immersed in the ice bath (P). The pump circulates 10-12 liters of air per 
minute. 

Method of analysis 

The carbon and oxygen were determined with the Haldane-Carpenter 
( 4 ) apparatus. All analyses were made in a sub-basement where the ex- 
periments were conducted, a place that is only slightly affected by outdoor 
temperature fluctuations. After preliminary and outside air analyses had 
been made to check the apparatus, the sample was drawn directly from the 
chamber through a capillary tube. After washing back and forth five 
times the sample was taken. Employing this technique, two duplicate de- 
terminations can be made to check within the experimental error involved 
in the manipulation of the machine. After each set of analyses, the capil- 
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lary tube was opened to the room air for approximately one second to 
permit an equilibrium with the gases in the plant chamber. Each analysis 
requires 40 cc. of air; therefore 40 cc. of outside air containing approxi- 
mately 0.013 cc. of CO 2 were introduced after each analysis. This is 
negligible. 

In this apparatus with a total volume of 8.33 liters for plant chamber, 
coils, and pump, a gain or loss of 1 cc. of either carbon dioxide or oxygen 
causes a 0.012 per cent, change in the concentration of the respective gases. 
For carbon dioxide, the Haldane-Carpenter apparatus has an accuracy 
of zh 0.001 per cent, or ± 0.085 cc. of this gas taken up or given off by the 
plant. For oxygen it has about one-third this accuracy. 

In some tests on rates of respiration (experiments 107, 111, and 112, 
table II), only 13 to 20 mg. of carbon dioxide were evolved; therefore the 
maximum carbon dioxide error is 2.3 per cent, in studies of these respira- 
tory rates. The percentage error can be greatly reduced by continuing the 
experiment over a longer period. 


Material 

For this investigation, potted greenhouse plants of a size that would 
conveniently fit into the plant chamber were used. The types of plants 
used were one hydrophyte, seven mesophytes, and two xerophytes. The 
purpose of using such a variety was to ascertain whether plants with leaves 
of different thicknesses and characteristic of different habitats responded to 
conditions in a similar manner. The plants were brought from the green- 
house to the laboratory two hours preceding the experiment. During this 
period the plants were kept in almost total darkness and at a temperature 
of approximately 20° C. At the beginning of the experiment, the plants 
were watered with 30 cc. of water. At the end of each experiment the 
widths and the lengths of the leaves were measured. From these data from 
a special set of graphs designed for each species the respective leaf areas 
were calculated. 

Before the use of potted plants was decided upon, a number of experi- 
ments were conducted on cut Pelargonium stems with adventitious roots 4 
to 9 cm. long. These plants were kept in a Shivers nutrient solution (one- 
third usual concentration). Particular pains were taken to note the tem- 
perature of this culture solution at the end of each experiment, and in no 
case did it exceed 18° C. when the air about the leaves was 35°-37°. 
Hence even at the higher temperature one was sure that the roots did not 
suffer from overheating. 

When these experiments at 4°--6° and 35°--37° 0. were completed, potted 
Pelargonium plants were used and it was found that the curves for the 
latter were similar to those obtained on the cut stems. It was therefore 
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concluded that the soil bacteria and the plant roots themselves introduced 
no appreciable error. It was felt that for metabolism studies extending 
over many hours, potted plants rather than cut stems would give results 
more characteristic of the species in its native habitat. 

Procedure for COg steady states 

The level and temperature of the water were adjusted according to pre- 
vious experience to give the desired temperature about the leaves. The air 
in the room was renewed with a large ventilator so that the CO 2 content was 
less than 0.035 per cent., and the apparatus was filled with this air by run- 
ning the pump with the chamber lid off. The plant to be studied was then 
put inside, the chamber closed, the pump started, and the air brought to 
temperature while the plant was in darkness. The first air sample was 
drawn for analysis and the light turned on. Since the apparatus was being 
used as a closed system, rise or fall in percentage of CO 2 and Og was a 
measure of rate of gas exchange, volume being known (0.012 per cent, 
change = 1 cc. gas). 

In experiments 1-10 inclusive the light from a 1000-watt mazda lamp 
was filtered through 5 cm. of water. The intensity inside the plant cham- 
ber was 2050 foot candles (measured with a MacBeth illuminometer). All 
plants chosen had their leaves spread in a horizontal plane so that they did 
not shade each other appreciably, and they were approximately the same 
distance from the light. Each curve sliown in figures 2-11 came from a 
different individual plant. Experiments la, lb, Ig, and Ih were conducted 
with the cut Pelargonium ; the others with potted plants. 

Duplicate analyses were usually made for each point on the curves. 



Hours 

Fig. 2. Effect of temperature on COj exchange of cut sterna of Pelargonium hot- 
torum Bailey, Light intensity = 2050 f .c. 
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Results 

The leaf area, transpiration, and atmometer values for the 34 plants used 
in experiments 1-10 are given in table I. 

Figures 2-12 show the course of COj exchange following exposure of the 
plants to 2050 f .c. light intensity. Every plant at some temperature quickly 
reduces the COj concentration in the chamber to 0.01 volume per cent., a 
level which is maintained over long periods of time (24 hours or more). No 

TABLE I 

Amounts or evaporation and transpiration or the plants used in experiments 1a 
TO 10b inclusive at DirPERENT TEMPERATURES 


Experi- 

ment 

NO. 

Tempera- 

ture 

Transpi- 

ration 

Dura- 

tion 

li 

1 

Evapora- 
tion FROM 
atmometer 

Transpira- 
TION/100 CM.* 
LEAP area/24 
HOURS 

>c. 1 

1 gm. 

1 hrs. 

cm.® 1 

gm, 1 

gm. 


Pelargonium horiorum 

la 

35-37 1 

17.0 

23.0 

388 


4.57 

lb 1 

35-37 ' 

21.5 

28.0 

260 : 


7.09 

Ic 

35-37 ■ 

47.5 ! 

26.0 

356 

64.80 

12.32 

Id 

35-37 1 

40.0 1 

26.0 1 

237 

63.52 

15.58 

le 

4-6 

7.0 i 

32.0 1 

202 

14.16 

2.60 

If 

4-6 

7.8 

32.0 

253 

13.60 

2.31 

ig 

4-6 

12.7 

32.0 1 

406 


2.35 

Ih 

4-6 

14.5 i 

32.0 

348 


4.17 


Tolmiea menaiesii 

2c 

35-37 

125.5 

38.5 

471 i 

46.88 

16.61 

2d 

35-37 

128.7 

1 33.0 

317 

43.52 

29.34 

2a 

22-23 

73.8 

36.0 

378 

29.28 

13.02 

2b 

22-23 

51.7 

24.0 

349 

26.96 

14.81 


Coleus hlumei var. verschaffeltii 

3a 


33.0 

21.25 


14.40 

10.74 

3b 

||||^|g|||l 

59.6 

23.0 

m^niii 

16.20 

19.34 


Bryophyllum pinnatum 

4a 

36-37 

33.6 

15.8 

146 

17.76 

34.96 

4b 

35-37 1 

56.0 

20.8 

272 

20,16 

23.76 

4c 

6—8 

7.5 

24.0 

170 

12.48 j 

4.41 

4d 

6-8 

8.7 

26.0 

222 

1 12.96 

1 

3.76 


Eichhornia erassipes 

5a 

■SB 

BOi 

65.3 

■B^ll 

|H||||N||||||||| 

66.63 

6b 


WBM 

38.0 


llllllllllllllllllll 

58.84 
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TABLE I {Continued) 


Experi- 

ment 

NO. 

Tempera- 

ture 

Transpi- 

ration 

Dura- 

tion 

Leap 

AREA 

Evapora- 
tion FROM 
atmometer 

Transpira- 
TION/100 CM.* 
LEAP area/24 
HOURS 



gm. 

hrs, j 

emr 

gm. 

gm. 


1 Crassulaceae sp.* 

6a 

35-37 

92.3 

69.0 

234 


13.72 

6b 

35-37 

62.5 

47.0 

1 295 


10.82 

6c 

4-6 

8.8 

24.0 

234 


3.76 

6d 

4-6 

9.0 

24.0 

295 


3.05 


Primula auricula 

7a 

35-37 

22.3 

24.0 

567 

29.20 

3.93 

7b 

35-37 

49.3 

23.5 

530 

28.96 

9.50 


Saxifraga sarmentom 

8a 

35-37 

74.3 

21.5 

574 

29.20 

13.22 

8b 

35-37 

29.4 

22.0 

386 

32.0 

7.54 


Zebrtna pendula 

9a 

35-37 

29.2 

23.0 

297 


10.26 

9b 

35-37 

40.0 

23.0 

548 


7.62 

9c 

16-18 

22.0 

22.0 

297 


7.53 

9d 

16-18 

24.2 

23.5 

548 


4.51 


Begonia tuherhybrida 

10a 

35-37 

54.5 

22.5 

199 


29.21 

10b 

35-37 

48.5 

22.5 

613 


8.44 


* It is regretted that, since no fruits of this plant were available, the taxonomists at 
Minnesota were unable to identify it further for us. 


CO 2 is being introduced into the chamber from the outside; it is a closed 
system in which a horizontal curve indicates that COj respired equals COj 
assimilated. The slope of a rising curve gives the rate of respiration in 
excess of photosynthesis and of a falling curve the excess photosynthesis. 

The advantage of studying COj balance rather than rates of CO^ assimi- 
ktion is forcibly shown by an examination of the curves in figures 2-12. 
The assimilation rates, as shown by the downward slopes of the curves after 
the start of the experiment, vary considerably among individuals of the 
same species and among species. When the total COj assimilated per hour 
is divided by the leaf area (table I), values ranging from 0.42 to 1.32 cc. 
CO 2 /IOO cm.*/hr. are found. Yet these plants all come to the same point 
of balance. 
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Light intensity = 2060 f .c. 

The reason for this irregularity in rate of assimilation seems clear. 
Rate is dependent partly upon COg diffusion from air to chloroplast which 
in turn is regulated by stomal numbers and degree of opening, arrangement 
of cells and air spaces within the leaf, viscosity of solution within the cell, 
arrangement of chloroplasts, and other internal factors. Maskell (11) has 
given a detailed discussion of internal resistances. 

The following points are of special interest : 

1. The curves break fairly sharply as 0.010 per cent. CO^ is approached. 

2. The limiting percentage of COj is independent of temperature pro- 
vided the temperature is not high enough to cause abnormal metabolism 
(% 6 ). 



Fig. 4. Effect of temperature on COj exchange of Tolmiea menziesii T. & G, Light 
intensity = 2050 f.c. 
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Fia. 5. Effect of temperature on CO. exchange of Coleus hlumei Benth. var. ver- 
schaffeltii Lem. Light intensity = 2050 f.c. 



3. The limiting percentage of COg is independent of leaf properties 
(thickness, chlorophyll content, sap constants). 



Fig. 6. Effect of temperature on 00^ exchange of Bryophyllum pinnatum Kurz. 
Light intensity = 2060 f.c. 
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Hours 

Fig. 7. Effect of temperature on COj exchange of Eirhhornia crassipea Solms. 
Light intensity = 2050 f.c. 


4. Balance in COo exchange does not necessitate a balance in Og 
exchange. 

5. Plants may be segregated into definite groups according to their 
behavior at high temperatures. 

1. The sharp breaks of many of the rate curves as the COg concentration 
approaches 0.01 per cent, are excellent examples of close approximation to 
Blackman (2) diagrammatic picture of limiting factors. The available 
CO 2 in the closed system is quickly consumed at a high rate of apparent 
assimilation (assimilation in excess of respiration) until the region of CO 2 
limitation is reached, at which apparent assimilation becomes zero (respira- 



Fiq. 8. Effect of temperature on COa exchange of Crassulaceae sp. Light in* 
tensity = 2050 f.c. 





102 


' I'LANT PHYSIOLOGY 



Fig. 9. Effect of temperature on CO* exchange of Prhnnla attriciila L. Light 
intensity = 2050 f.c. 

tion = photosynthesis). These findings are in almost perfect agreement 
with two of VAN DEN Honeut's (6) curves, which show that at 0.010 volume 
per cent. COg is the chief limiting factor w^hile at 0.015 volume per cent, it 
no longer exerts any great influence on the rate of assimilation. 

The transition zone is very narrow. It is this narrowness which may 
partially account for the apparently uniform behavior of all plants studied. 
Much of the change in slope of the rate curve may take place in a range of 
0.005 per cent. COo. And if, after reaching 0.010 per cent. CO^., we con- 



Fig. 10. Effect of temperature on CO. exchange of Saxifraya mrmcntom L. Light 
intensity = 2050 f.c. 
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hours 

Fig. 11. Effect of temperature on CO* exchange of Zehrina pendula Schnizl. Light 
intensity = 2050 f .c. 

sider the rate of assimilation directly proportional to COg concentration, a 
change of 0.002 per cent, will change the rate 20 per cent. Since the mini- 
mum error of our analyses is ±: 0.001 per cent., it is evident that very ap- 
preciable differences might exist between the plants without our detecting 
them. 



Fig. 12. Effect of temperature on CX)* exchange of Begonia tuherhyhrida Voss. 
Light intensity = 2050 f.c. 





104 


PLANT PHYSIOLOGY 


It is well known, however, that different plants vary widely in their ab- 
solute respiration rates. The rates for some of our plants are given in table 
II. One Primula plant respired at more than twice the rate of one Pelar- 
gonium. Yet both reach the same CO 2 balance. This suggests that there 
is a close relationship between ability for respiration and for assimilation, 
an idea which is not new. 

Spoehr and McGee (18) state: ‘‘It now seems highly probable that a 
solution of the problem of the internal factor in photosynthesis can 
be found in the intimate interrelation between photosynthesis and respira- 
tion’’ (p. 76). 

Warburg (22) concluded that the intermediates of respiration might be 
reutilized in photosynthesis more readily than carbon dioxide. 

Van der Paauw (13) concluded that there is a close parallelism be- 
tween photosynthesis and respiration. Mild stimulation or retardation of 
both processes can be accomplished by KCN. This does not agree with 
earlier work of Warburg (22). Arnold (1), however, found that “an 
unidentified unit in the mechanism of photosynthesis of Chlorella pyre- 
noidosa is rendered inactive by absorption of one quantum of ultra-violet 
light (2537 A wave length)” without an appreciable effect on the normal 
respiration. 

0.01 per cent. CO 2 does not represent the limit to which a cell may re- 
duce its CO 2 tension by photosynthesis. The curves here given are for 
whole potted plants with leaves of varying thickness. Cells on the lower 
side of thick leaves are in very dim light and their respired COo must be 
utilized by the lighted cells. There is also the CO 2 from stem, roots, and 
soil to be taken into account. Therefore 0.01 per cent, may be considered 
the maximum value to which a whole plant can raise the CO 2 in a closed 
system when its leaves are in light of 2000 f.c. intensity. 

2. It has been found that the CO 2 balance is not altered by considerable 
changes in temperature. A plant may be kept at 5° or at 36° C. and in 
both cases reduce the CO 2 to 0.01 per cent. Since at this point respiration 
equals photosynthesis, the rates of both must increase equally. It is shown 
in table II that respiration rate in the dark increases about fourteen or 
fifteen times for both Primula and Begonia. These species both main- 
tain the 0.01 per cent, level of COg at 36° as well as at 5° (figs. 9, 12). 
Assuming the same temperature coefficient for respiration in the light, we 
must conclude that the rate of photosynthesis likewise increased about 
fifteen times over this same range in temperature. As these steady states 
were maintained for more than 20 hours, it is evident that the two rates 
were always identical, for the slightest difference would soon raise or lower 
the CO 2 concentration a measurable amount. 



TABLE II 

Respiratory quotients and rates op respiration 
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This is further evidence that light is in excess, and that in assimilation, 
the rate determining step is not the primary process involving light absorp- 
tion but an intermediate dark reaction limited by COg concentration. Prob- 
ably the temperature coefficient of this reaction is very close to that of 
respiration and it may be identical with it. This view is in accord with the 
recent findings of van per Paauw (13, p. 564), by whom the Qj^’s for 
photosynthesis and respiration were shown to be almost identical over the 
range 10°~30° C. The experimental method employed by investigators of 
CO 2 balance is especially good because it eliminates much of the diffusion 
resistance and permits the comparison of photosynthesis and respiration 
in the same leaf at the same time. 

A real difficulty arises when a mechanical picture of the utilization of 
respired CO 2 is considered. The following diagram illustrates the relation 
between CO 2 and the chloroplast within the cell : 


chloroplast 


CO 2 (gas) 
cell surface 


CO 2 (gas) is in equilibrium with COg (dissolved) at the surface of the cell. 
Let Cl be the concentration of CO 2 (dissolved) at the cell surface and Cg 
the concentration at the chloroplast surface. Then the rate of diffusion 
of respired COg from surface protoplasm to chloroplast surface is pro- 
C — C. 

portional to where L is the distance. When the temperature was 

raised 31° the respiration in the dark increased about fifteen times. In 
order that the respired COg at the cytoi)lasm surface reach the chloroplast 

C — C. 

fifteen times as fast, the gradient — ~ must increase fifteen times'^ 

1j 

The surface concentration, Cj, does not increase since there is no rise in the 
COg (gas). If the distance, L, remain constant then the only way to 
increase the gradient would be by a drop in Cg* An appreciable drop in 
COg does not seem likely since assimilation shows the expected increase in 
rate with temperature rise. 

The simplest explanation of the utilization of the increased products 
of respiration without an increase in COo tension seems to be that an inter- 
mediate product of respiration is reutilized before any COg is liberated. 
This agrees with the suggestion, previously stated, that there is a very 
1 VAN DEN Honert (6) has pointed out that fall in viscosity is about equal to the 
fall in solubility of CO, with rise in temperature. Therefore, when the diffusion of 
CO, is the chief limiting factor in assimilation a Q,o of 1 is to be expected. His experi- 
mental data support this view. Hence the diffusion factor is eliminated from our 
consideration. 
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close relationship between photosynthesis and respiration, and is in line 
with the suggestion of Warburg (22) that possibly an intermediate prod- 
uct of respiration is utilized in photosynthesis when no COg is being ex- 
changed by the plant. 

3. The balance between respiration and photosynthesis is reached at a 
definite COg tension. No measurements of pH were made on the leaves 
studied, but it is highly improbable that all ten species had the same 
liydrogen ion concentration at the time of the experiment. Without assum- 
ing any definite pK' for the cell saps, on rearranging the Henderson- 
Ilasselback equation to 


log 


combined COg 
dissolved CO^ 


=pH-pk; 


it becomes clear that there is a fixed ratio of combined to dissolved CO 2 
when pH - pK' is a constant. It is not likely that all plants used in this 
investigation assumed such a fixed relation between pH and pK'^. When 
pH~pK' = -0.3 dissolved CO 2 is twice combined CO 2 ; when pH-pK' = 
f 0.3 combined CO 2 is twice dissolved COg. 

If these assumptions are correct, at constant COg tension the diflferent 
plants differed widely in combined COg, and it may be concluded that the 
steady state observed is a function of dissolved COg and that the rate of 
photosynthesis is limited by the concentration of HgCOg and not by bicar- 
bonates. 

This view is in accord with the theory of Willstatter and Stoll (23, 
p. 244) for the combining of HgCOg with chlorophyll. It is probable that 
NaHCOa could not enter into this reaction. James (7), van den Honert 
(6), and others have assumed that only dissolved COg is available for 
assimilation. 

4. In experiments 101-106 (table II) the total gas exchange is great so 
that the respiratory quotients are of liigh accuracy. Their values range 
from 0.78 to 0.85. These are in agreement with the values found by 
Maquenne and Demoussy (10) for young leaves after a few hours in dark- 
ness. Our plants were in the chamber .several hours at the high tempera- 
tures, hence the low respiratory quotients are to be expected. 

If we accept the value of 1.00 for photosynthetic quotient, it is evident 
that when COg is in balance Og will be disappearing, i.e,, the plants are not 
in energy equilibrium. These respiration experiments were continued 
through a period of COg equilibrium. While the change in COg concentra- 
tion was zero, the Og changed appreciably (table III). 

This brings up an interesting question in regard to compensation point. 
Plaetzer (14) defined compensation point as that light intensity at which 
gas exchange in a leaf is zero. Neither gas was specified. Plaetzer and 
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TABLE III 

CBANOE in OONCXNTRATION or oxygen and carbon dioxide after CO 3 EgOIUBRIUU HAD 
BEEN MAINTAINED SEVERAL HOURS 


Experi- 

ment 

NO. 

Plant 

Tempera- 

ture 

Dura- 

tion 

Change in 

COa CON- 
CENTRATION 

1 Change in Oa 

CONCENTRATION 
IN 5 HOURS 




hr. 

% 

% 

101 

Pelargonium 

35-37 

5.071 

+ 0.002 

- 0.105 

102 

Pelargonium 

i i 

6.071 

- 0.001 

-0.077 

103 

Primula 

t ( 

6.000 

+ 0.002 

-0.079 

104 

Primula 

t ( 

5.500 

± 0.000 

-0.087 

105 

Begonia 

1 ( 

4.500 

± 0.000 

1 - 0.077 

106 

Begonia 

( t 

4.500 i 

+ 0.001 

- 0.084 

107 

Pelargonium 

4-6 

5.750 

± 0.000 

: - 0.012 

108 

Pelargonium 

( ( 

1 4.750 ! 

+ 0.001 

- 0.053 

109 

Primula 

< < 

4.500 

± 0.000 


110 

Primula 

i i 

8.000 

- 0.001 

1 -0.053 

111 

Begonia 

< ( 

5.000 

- 0.001 

- 0.053 

112 

Begonia 

( < 

4.500 

J 

i: 0.000 

- 0.038 


Habdeb (5) have used O 2 exchange as the measure, while Boysen-Jensen 
(3), Mulleb (12), and others follow COj exchange. Since we have reason 
to believe that 0^ consumption and COj evolution in respiration are distinct 
reactions with different characteristics (19-21), it would be well to specify 
which gas is to be in balance at the compensation point. 

5. An examination of figures 2-11 shows that plants exhibit a great vari- 
ability in their behavior at 35®-37° C. They may be classified into three 
general groups: (1) Those which are stable at 35°— 37° and reach the same 
point of CO 2 equilibrium as shown at lower temperatures {Coleus, Eich- 
hornia, Primula, Saxifraga, Begonia) ; (2) those which temporarily follow 
the low temperature curve and then begin active COj evolution {Pelargo- 
nium, Tolmiea, Zeirina) ; (3) those which evolve large quantities of CO, 
as soon as they are raised to 35°-37° and do not in the course of the run 
reduce the CO 2 concentration below that of normal air {Bryophyllum and 
Crassulaceae sp.). 

These curves show the danger in working at such high temperatures 
when studying COj assimilation, and probably explain some of the recent 
results of Kostytschew and co-workers (8, 9), who have carried out exten- 
sive investigations of the daily course of photosynthesis of plants of central 
Asia. They inclosed the attached leaf in a glass chamber in the field and 
with an aspirator drew a small volume (about 11 liters) of air across the 
leaf. Most of their runs did not exceed 30 minutes. The temperature in- 
side the chamber was not recorded, but the outside temperature was often 
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as high as 37°. In bright light there was undoubtedly a considerable rise 
of leaf temperature within the chamber. Kostytschew and his colleagues 
observed sharp fluctuation in photosynthesiKS, especially by the xerophytes 
in the Bogar plots. There were short flashes of photosynthesis alternated 
with short but energetic evolution of carbon dioxide in the light. 

It is evident from figures 2-11 that at high temperatures almost any 
kind of value for COg assimilation might be obtained with the different 
species, and that a 30-minute run made immediately after raising the tem- 
perature does not give a true picture of COg exchange. For example, dur- 
ing the first two hours Pelargonium shows a high rate of photosynthesis and 
Crassulaceae sp. a high rate of COg evolution, but at the eighth hour 
Pelargonium is evolving COg and Crassulaceae sp. is carrying on rapid pho- 
tosynthesis. At lower temperatures, however, all plants show uniform 
photosynthesis curves. 

There are at least two kinds of COg evolution shown in figures 2-11. 
That which is evolved immediately (figs. 6, 8) must be present in the leaf 
as dissolved and combined COg (including carboxylic acids) which is re- 
leased by the rise in temperature and high light intensity. That COg which 
begins coming off only after several hours at the higher temperature (figs. 
2, 3, 4, 11) probably represents COg of metabolism after the high tempera- 
ture has caused metabolic readjustments within the leaf. 

In order to show that the carbon dioxide which came from Bryophyllum 
and Crassulaceae sp. was not produced by respiration suddenly speeded up, 
those runs were repeated and both oxygen and carbon dioxide were deter- 
mined. The results are given in table IV. Since both gases showed marked 
increment, the increase in COg cannot be attributed to normal aerobic respi- 
ration. 

One hundred cc. of distilled water dissolves from air at 760 mm. and 
20° C. 0.026 cc. COg and 0.649 cc. Og; at 35° C. 0.018 cc. COg and 0.501 
cc. Og. Assuming the same change in solubility in leaf sap, a rise of 15° C. 
would liberate only 0.148 cc. Og from 100 cc. of leaf tissue, so that the 


TABLE V 


i 

Experiment no. 

Plant 

CO.J EVOLVED PER GM. 
DRY LEAP 

4a . , 

Bryophyllum 

4.C4 

4b 

Bryophyllum 

5.06 

6a 

Crassulaceae sp. 

3.97 

6b 

Crassulaeeae sp. 

2.33 
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solubility factor is negligible. The oxygen most likely comes from photo- 
synthesis and table IV indicates that Og increases at the expense of CO 2 
(experiments 4a and 6a). Therefore the total COo evolved would really 
be equal to CO 2 + Oo. 

Table V gives the calculated COg liberated by the leaf material at the 
time of greatest CO 2 + O 2 increase measured. 

These are much larger values than found by Spoehr and McGee (18) 
for the total CO 2 combining power of dried leaves, excepting sunflower 
(13.9) and nettle (6.2). The release of all combined (bicarbonate) CO 2 
requires a large increase in acidity (pH 4.5) which probably does not take 
place. It seems likely, therefore, that much of the CO 2 liberated at high 
temperatures arises through a fermentation type of respiration, including 
decarboxylation. 

It should be pointed out that when plants are in CO 2 equilibrium with 
the air, there is little possibility of their holding very considerable quanti- 
ties of either free or combined CO 2 (as bicarbonates). In the Henderson- 
Hasselback equation 


pH = pk; + log 

dissolved CO 2 

no definite value can be set for pK(. Its value for sea water is given by 
Saunders (16) as 6.06 and the accepted value for blood is 6.1. If a value 
of 6.0 is assigned to the average plant, then at pH 6.0 the volume of com- 
bined CO 2 would be equal to dissolved COg. Recorded values indicate that 
most plant saps are rarely more alkaline than pH 6. Therefore with a 
maximum possible CO 2 solubility at 20® C. of 0.026 cc. per 100 cc. of leaf 
sap, the total COg in the leaf could rarely be more than 0.05 cc. per 100 cc. 
of plant sap. This limiting value would not hold if gaseous CO 2 were 
trapped within the leaf at a concentration above that found in air. 

Richards (15) observed very high rates of CO 2 evolution when joints 
of cactus (Opuntia versicolor) were exposed to light. In diffuse light 
(intensity not stated) the rate of CO 2 evolution was about the same as in 
the dark, but very little Og was absorbed so that the respiratory quotient 
rose to values as high as 7.00. In direct sunlight, COg was evolved at a 
somewhat lower rate and O 2 came off at the same time. Richards likewise 
observed that when there was high COg evolution there was low O 2 evolu- 
tion. The results of our work at high temperatures with Bryophyllum and 
Crassulaceae sp. described in this work are in close agreement with the 
work of Richards. He attributes the high CO 2 production in light to the 
photochemical decomposition of organic acids, and shows a large decrease 
in total acidity to support this view. The runs in which both O 2 and CO 2 
egressed were made at high temperatures (30°~39° C.), and Richards 
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realized that this was probably an important factor. The normal photo- 
synthetic behavior of Bryophyllum and Crassulaceae sp. at 0. sub- 

stantiates his suggestion that Opuntia stores energy only in cooler seasons, 
while it grows at the expense of this stored food in hot weather. Spoehr 
(17) has further discussed the photolysis of organic acids in the cactus. 

In view of the results here reported, it must be concluded that tempera- 
ture is fully as important as light in determining the rate of evolution of 
CO 2 from plants exposed to light. In fact the photosynthesis curves of 
Bryophyllum and Crassulaceae sp. at C. are so similar to the curves 

of other leaves that it would appear that no decarboxylation takes place in 
2000 f.c. light intensity at the low temperature. That temperature is the 
chief factor causing the evolution of COo by Pelargonium is shown by the 
enonnous increase (fifty-seven times) in dark respiration of this species 
with a 31° rise in temperature (table II, experiments 101 and 107). 

Kostytschew, et al, observed the greatest CO 2 evolution by xerophytes 
of central Asia. The work of Richards with Opuntia and the work here 
reported, combined with that of Kostytschew, would point to a specialized 
metabolism not merely of succulents but of xerophytic plants generally. 
The recent work of Tang (19-21) again strongly emphasizes the view that 
COg evolution and Og consumption must be considered as separate processes 
with different mechanisms and specific characteristics. 

Summary 

Under the conditions of these experiments the following conclusions may 
be drawn: 

1. Many types of potted plants in a closed system quickly reduce the 
COg to 0.01 volume per cent, and maintain this concentration in light of 
about 2000 f.c. intensity. 

2. The sharp break in the rate curve indicates a close approximation to 
Blackman ideal graph for limiting factors. 

3. COg balance is independent of temperature, suggesting that a dark 
reaction of photosynthesis has a temperature coefficient equal to the tem- 
perature coefficient of respiration. 

4. COg balance depends on the concentration of dissolved COg and not 
on total COg (HgCOg plus bicarbonates). 

5. Plants in COg balance are not in an energy balance because the respi- 
ratory quotient under many conditions is not unity. 

6. Evolution of COg from succulents and xerophytes in bright light is 
caused by high temperature rather than by light. 
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OSMOTIC QUANTITIES OF PLANT CELLS IN GIVEN PHASES" 

Alfred ITRSPBUNa 
(with two figures) 

I. Osmotic quantities to be distinguished 

Some authors use seven or eight terms, others content themselves with 
two or even a single one. The points of view are much divided. In order 
to reach an objective judgment, let us consider a cell from the pith of Impa- 
Hens noli’tangere, a cell which has been accurately measured by Ursprung 
and Blum ( 48 ), Molz ( 28 ), Ursprung and Beck ( 44 ), and Ursprung ( 46 ). 
Cf. also Beck ( 1 ). Let V represent the volume of the given cell, and the 
indices n, g, and s, represent the normal phase, incipient plasmolytic phase 
(grenzplasmolytischen), and saturation phase respectively. We distin- 
guish (fig. 1, schematic sketch of cell) the normal volume (Vn = 14,122 
units) of the unchanged cell, the volume at incipient plasmolysis 
(Vg= 13,209 units), and the volume at complete saturation (Ve = 14,779 
units). V„ had at the time of observation the value just given, which, 
however, changed as the water balance within the cell changed. 

If we desire to measure the osmotic potential of the cell sap of the 
individual cell, we must begin with the phase of incipient plasmolysis. By 
means of the plasmolytic method we find first that the incipient plasmolysis 
value (i.e., the osmotic value at incipient plasmolysis) is Og = 0.38 mol cane 
sugar. This concentration of the cane sugar solution will cause the pro- 
toplasm of our cell to recede from the cell wall ever so little. In the 
absence of complicating factors, so that the volume changes of the cell have 
no other effects than corresponding changes in the concentration of the 
cell sap, one can calculate the osmotic value of the normal sap, On, from 

V 

Og = 0.38 by the equation: On = Og 0.355 mol cane sugar. If we place 

» n 

the cell sap or an isosmotic cane sugar solution in an osmometer with a 
semipermeable membrane, the cell sap at incipient plasmolysis would 
develop an osmotic pressure (physicist's terminology) or a suction force 
(suction tension, suction*) (our terminology^) of 10.5 atm. In the con- 
dition of equilibrium the protoplasm must have the same suction force. 
Hence we may write: The suction force {suction tension, suction) of the 
contents of the cell in the phase of incipient plasmolysis is Si^ = 10.5 atm. 
Similarly the suction force (suction tension, suction) of the contents of 

1 Translated by William A. Beck. 

2 Original: Saugkraft (Saugspannnng, Saugung). 

8 The proa and cone of the matter of terminology will be discussed later. 
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the cell in the normal phase, Sin, or since for the sake of simplicity the 
modification referring to the phase is omitted, the suction force {suction 
tension, suction) of the contents of the cell, Si„ = 9.7 atm. In a similar 
manner it is deduced that Si, = 9.3 atm. 

The wall pressure (W), i.e., the pressure which the stretched wall exerts 
upon the contents of the cell has the following values: At incipient plas- 
molysis naturally Wg = 0.0 atm.; in the saturation phase, W, = 9.3 atm.; 
with the assumption that change in wall pressure is proportional to the 
change in volume the wall pressure in the normal phase may be calculated 
and shown to be Wo = 5.4 atm. 

The turgor pressure (T), i.e., the pressure which the contents of the 
cell exert upon the wall, is, at equilibrium, numerically equal to the wall 
pressure, since action and reaction are equal, but it acts in the opposite 
direction. 

The suction force {suction tension, suction) of the cell (S,) is the force 
per unit area with which the whole cell, consisting of the cell wall and the 
contents of the cell, tends to absorb water. If external forces that tend to 
produce tension or pressure are absent, it is composed of two forces (ten- 
sions) which operate in opposite directions: the suction force of the con- 
tents of the cell, and the wall pressure, which tends to force water from the 
cell. The relations may be expressed by the equation : 

S, = S,-W 

It follows that the suction force of the cell, in the phase of incipient 
plasmolysis, in the normal phase, and in the phase of saturation, has the 
following values respectively : 

Sg, = S,g-Wg = 10.5-0.0 = 10.3 atm. 

S,, = Si„-'W’n= 9.7 -5.4= 4.3 atm. 

Sz, = Si,-'W, = 9.3-9.3= 0.0 atm. 

Our suction force equation contains three osmotic quantities which differ 
in their concepts and usually also in their numerical expression. It ap- 
pears from the numerical expression given above, and even more clearly 
from the graphic representation in figure 1, that these three quantities 
behave in an altogether different manner as the cell changes from the phase 
of incipient plasmolysis to the phase of saturation. Si varies but little; 
W increases very rapidly; and 8, decreases even more rapidly. Let par- 
ticular emphasis be placed on the fact that the same cell may simultaneously 
possess an inner pressure of several atmospheres (T„ = 5.4 atm.), and never- 
theless be able to take in water (S,„ = 4.3 atm.). 
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Previously it vras assumed that uo foreign mechanical stress or strain 
was placed upon the cell ; in this case T = W numerically. If an external 
pressure (+ A) or tension (- A) is present, then T = W ±: A, and the equa- 
tion expressing the suction force takes the form ; Sj = Si - (W ± A) . 


SiGNinCANCE OP THE OSMOTIC QUANTITIES 


The significance of the osmotic quantities follows consequently from 
what has already been said. 

The suction force (suction tension, suction) of the cell, S,„ = 4.3 atm., 
is the quantity that is the dimensional standard for the intake, the extru- 
sion, and the conduction of water. It is indispensable, for example, in the 
study of water economy. 

The suction force (suction tension, suctio7i) of the contents of the cell. 



Fro. 1. Qraphie repreBentation. of the osmotic quantities of a cell taken from the 
pith of Impatient. (According to Urspeunq 46.) 
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mine the amount of water absorption, but it is an important component of 
as is shown by the equation S*„ = Sin~Wn. is equal to the suction 
force of the protoplasm. It is furthermore a measure for the change in 
the water balance of the cell, provided the osmotic solute remains constant. 

The wall pressure, Wn = 5.4 atm., naturally plays an important role in 
turgor movements. The measurement of this quantity has furthermore 
contributed in establishing the relations that exist between turgor pressure 
and growth. The rigidity of the soft-walled cell is the result of the com- 
bined action of the wall pressure and the turgor pressure. In the state of 
equilibrium T = W; when, however, asci burst open in plasmoptyse T > W. 



Fig. 2. Diagram of the suction force of an osmometer, (According to Ursprunq 

46.) 

Turgor distention. For every change in volume, Vs - Vg, there is a cor- 
responding equivalent change in turgor pressure, Ts - Tg, which will vary 
in different cells, the magnitude of which depends upon the distention. The 
turgor distention is the dimensional standard for the cell, in its role as a 
water reservoir, as also for turgor movements. 

The suction force {suction tension, suction) at incipient plasmolysis, 
Sig = Szg = 10.5 atm., serves in the study of the regulation of osmotic rela- 
tions (^tudium der Osmoregulationen). 

The osmotic values, Og and On, are usually auxiliary quantities that are 
necessary in the determination of Sig and Sin individual cells. 

II. Methods of measuring 

Nothing more can be done here than to indicate the principle involved 
in each of the different methods and thus bring into greater relief the names 
employed to designate the various quantities. 
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1. The osmotic value at incipient plasmolysis, Og = 0.38 mol cane sugar, 
is measured by the oldest method of measuring in this domain. It deter- 
mines that concentration of a harmless non-permeable plasmolyte which at 
osmotic equilibrium causes the protoplasm to recede ever so little from the 
cell wall. 

2. The suction force {suction tension, suction) of the cell or of the cell 
contents at incipient plasmolysis, S*^ = Sig = 10.5 atm., is obtained by trans- 
lating the value 0.38 mol cane sugar, obtained in method 1, into equivalent 
atmospheres. Og and Sig refer, it is true, to an abnormal condition of the 
cell, but they nevertheless yield important results especially concerning the 
regulation of the osmotic relations in the normal cells. 

3. The suction force (suction tension, suction) of the contents of the 
cell in the normal phase, Si„ = 9.7 atm., may for example be determined by 
crj’^oseopy of the expressed juice. It must be remembered, however, that 
all methods employing press-juice yield only average values for the larger 
tissues or entire organs. The measurement of Si„ for individual cells 
demands a knowledge of the value of On. 

4. The osmotic value of the contents of the cell in the normal phase. 
On “0.355 mol cane sugar, is deduced from Og by means of the equation 

y 

0„ = Og:^. The equivalent value in atmospheres is the value of Sin- The 

value of Sin cannot be determined directly from Si^ by using the quotient 
of the volumes as a factor, because the suction force (osmotic pressure) of 
a solution increases at a greater rate than does the concentration. 

5. The suction force (suction tension, suction) of the cell in the normal 
phase, Sz„ = 4.3 atm., is measured by determining the concentration of a 
harmless non-permeable plasmolyte (Osmotikum) in which the original cell 
volume remains constant. It is necessary that the cell wall is sufficiently 
distensible that the cell may show an appreciable change in volume with 
change of the external concentration. 

6. The wall pressure, Wn = 5.4 atm., can be calculated for individual 
cells, in the absence of external pressure, from the equation Wn = Sia~S,n. 
The suction force of the cell, S*„, remains unintelligible so long as the wall 
pressure is not taken into consideration. 

7. The turgor pressure, Tn = 5.4 atm., is numerically equal to the wall 
pressure in the absence of external forces, but it acts in the opposite 
direction. When external forces enter into consideration, then Tn = Wn*T 

An = S|,j — SjB^. 

III. Review and critique of the various terminological proposals 

A. The older tebminologt 

Before the newer methods were developed, it was customary to use 
either the method of incipient plasmolysis or the cryoscopic method. Sup- 
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pose we begin with the method of incipient plasmolysis, again taking our 
numerical examples from the data obtained with cells of Impatiens. The 
suction force at incipient plasmolysis was measured, Sag = Sig = 10.5 atm. 
The values obtained were frequently labeled as follows : 

Osmotic pressure ; this, however is actually only 9.7 atm. ; error = 0.8 atm. 

Turgor pressure ; actual value is 5.4 atm. ; error = 5.1 atm. 

Suction force ; actual value is 4.3 atm. ; error = 6.2 atm. 

The confusion is even greater in the following example: the author is 
studying water intake; he requires to know the suction force of the cell 
(4.3 atm.), but he speaks of turgor pressure (5.4 atm.) and he measures 
the suction force at incipient plasmolysis (10.5 atm.). 

The difficulties of the cryoscopie method are similar. When this method 
is used to investigate water economy, e,g., Dixon (6), Harris and his asso- 
ciates ( 14 - 19 ), Korstian ( 24 ), the quantity determined is not the correct 
one. For there is no doubt that, in connection with water intake, the suc- 
tion force of the cell contents does not come into consideration at all, but 
rather the suction force of the cell (4.3 atm.). The error of all investiga- 
tions of water economy that depend on the cryoscopie method lies in 
neglecting to take the wall pressure into consideration. 

The misunderstandings that have arisen as the result of the confusion 
of the osmotic quantities have been discussed elsewhere (Ursprung and 
Blum 48 ) ; further examples may readily be found by any one in the 
language with which he is familiar. The task of the new terminology must 
be to provide a nomenclature such that misconceptions will be avoided. 

B. The recent terminology 

The quantities which are to be distinguished have been indicated in 
sections I and II. The individual terms will now be discussed. 

Individual terms : (1) The suction force of the cell, Sz„ = 4.3 atm. — 
As previously mentioned, the normal phase is indicated by the omission of 
the modification referring to the phase; consequently ‘‘suction force of the 
celF’ is used instead of “suction force of the cell in normal phase. Of 
all the terms the expression “suction force” has been most objected to. 
Some authors criticize only the element “force” (Kraft) ; others reject 
the term “suction” as well. 

(a) Pros and cons of ^‘suction /^ — Shull (36), to my knowledge the 
only author who has expressed himself as opposed to the term “suction” 
(Saugung), says: “If a careful analysis of water movement is made it 
will always be found that water is the active compound. The cell contents 
merely provide a medium of lower free water content into which water from 
regions of greater free water content moves. The pressure in any cell is 
caused by the free water entering from outside the cell. If the pressure in 
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a street car, when overcrowded with people who try to enter after the car 
is full, can be called a suction pressure, then the pressure in a cell can be 
called suction pressure, and the force of entry called suction tension/’* In 
answer to these statements the following remarks may be permitted. So 
far as I know, the actual cause of the osmotic phenomenon is unknown even 
today (c/., for example, Findlay 9) ; consequently there is no necessity for 
the physiologist to restrict the terminology to any particular theory. 

The ordinary mode of expression favors the term ^‘suction”; then there 
is in use a very old expression which we find for example in suction pump, 
suction root, suction hair. The justification of the term suction appears 
most clearly if the cell is replaced by a semipermeable osmometer to which 
in an appropriate manner a manometer has been attached. The osmometer 
contains a 0.355 mol cane sugar solution (fig. 2, c), which has an osmotic 
pressure of 9.7 atm. The wall pressure, numerically equal to the turgor 
pressure, is compensated by the mercury pressure of 5.4 atm. in the ma- 
nometer t. Of special interest to us is the osmotic quantity, which amounts 
to 4.3 atm. (9.7~5.4 atm.) ; manometer s (fig. 2) registers it, and clearly 
as a suction which the osmometer exerts upon the water outside. According 
to the data indicated on the manometer s, which are objective and indepen- 
dent of any particular concept of the mechanism of osmosis, we have the 
right to speak of a ‘‘suction” force of the cell Saa = 4.3 atm. 

(b) Pros and cons of ^^force,^^ — Shull (37) says of suction force: “No 
unsuitable term should be considered immune from change, especially one 
not over 15 years old, just because it has been commonly employed in 
Europe.” This assertion concerning the age of the contested term does 
not by any means agree with the facts. Incidentally Ppeffer (32, p, 77) 
speaks of “suction force,” but particularly deVries (51, p. 561) ; since that 
time the term is found in the literature of plant physiology in ever so many 
languages [e.g,, Noll {4Si) in Strasburgbr’s Lehrbuch, p. 161 ; Haberlandt 
(13, p. 351) ; Fitting (10, p. 209) ; Vines (60, p. 429) ; Ewart (8, p. 77).] 
Consequently the term “suction force” is about as old as the history of 
osmotic relations in cells. Since it did not seem to me absolutely necessary 
to coin a new term, while developing mensural methods in 1916, 1 employed 
the term already in use. That the term is not strictly correct in the physi- 
cal sense, I have already in 1916 emphatically pointed out (Ursprung and 
Blum 47, p. 529) as follows: “With reference to the terminology, the 

force 

term “force” should be retained, even though it is a matter of , there- 

area 

fore a quantity not mensurable in kilograms, but in atmospheres/’ 

Shull (38) also says in a later paper: the expansive force exerted in the 

interior of an automobile tire when we force air into it can legitimately be called a 
' suction force, ’ then also we can call the expansive force of a cell when water is forcing 
its way into the cell a * suction force. ' ^ ’ 
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(c) Suggested substitutes for ‘^force/* — Suction ‘‘pressure’^ — as sug- 
gested by Stiles ( 40 , 41 ), and Brieger ( 4 ), a student with Renner — ^has 
the correct dimensions but is a physical impossibility, since a manometer 
can register either suction or pressure, but not both at the same time 
(Ursprung 46 , p. 196). The expression appears to have been abandoned, 
at least in German-speaking countries (Renner 36 , p. 749 ; Gradmann 12 > 
p. 635). 

Suction “value” (Gradmann 11 , 12 , p. 636), suction “ability” (Prings- 
heim 33 , p, 749), suction “potential” (Oppeniieimer 30 , p. 131; 31 , p. 
526) are terms that indicate sufficiently that there is a question of capacity 
which does not by any means always lead to water intake. This I had al- 
ready said in 1916 (Ursprung and Blum 47 , p. 530) and still more 
clearly in 1920 (Ursprung and Blum 48 , p. 202) with the definition: 
Suction force of the cell = the force with which the cell strives to take in 
water. Of course it is evident that the cell cannot take in water if it does 
not suck more forcibly than the surrounding medium. I did not deem it 
necessary to emphasize that fact by applying a special term. One does not 
speak of “Pferdepotential” but of “Pfedekraft” even though the horse 
will pull the wagon only if the load is not too heavy. 

Suction “tension” (Shull 36, p. 214; Beck 1, p. 425) has the cor- 
rect dimensions, and is physically more nearly correct than suction “force” 
(c/. also Ursprung 45 ). If a new term had to be chosen, one would 
choose tension (Spannung) ; but since the term suction “force” is already 
a half century old and has given rise to no misconceptions, it may as well, 
as I see it, be retained in the future. Even the physicists tolerate a similar 
liberty in the use of terms, a.^r., using “Dampf spannung” instead of 
“Spannkraft” of steam (Chwolson 6, p. 709) ; but if Spann“kraft” is 
permitted in physics, why should the term Saug“kraft” be forbidden in 
physiology ? Furthermore, so long as we retain such terms as cryptogams, 
tracheae, and leucoplasts one has no right to forbid suction force. It is after 
all simply a matter of taste whether one, with deference to the historical 
development, continues to use an old term which has given rise to no mis- 
conceptions, or whether one prefers a faultlessly correct expression. 

(d) Counter suggestions for **suction force/^ — “Suction” (Sierp in 
Strassburger^s Lehrbuch, 18th ed., p. 76) is a short and clear term but 
appears to have greater difficulty in becoming established than does suction 
force or suction tension. 

“Water absorbing power” (Thoday 43 , p. 110) does not have the cor- 
rect dimensions, and is rather lengthy. 

“Pouvoir osmotique” (Leclerc du Sablon 26 , p. 24) reminds one of 
Pfeffer^s “osmotische Triebkraft” ( 32 , pp. 76, 84) but it does not indicate 
whether it signifies suction or pressure. 



URSPRUNG: OSMOTIC QUANTITIES 


123 


Concerning the terms “Hydratur” and “Wasserzustand’’ the reader is 
referred to section (2) later. 

“Turgor deficit” employed by Curtis (private communication from 
Beck), it seems to me, can mean only one thing, ie,, a difference between 
the maximum turgor pressure which is possible and the pressure which 
actually exists. As is shown in figure 1, the turgor deficit of our Impatiens 
cell is 9.3 - 5.4 = 3.9 atm., while the suction force of the cell is = 4.3 atm. 
Turgor deficit and suction force of the cell are not equal numerically, nor 
are the terms conceptually alike; they cannot therefore be used synony- 
mously. 

Shulu ( 37 ) “sees no good reason for using any other term than os- 
motic pressure in connection with the turgidity of plant cells.” But how, 
then, shall our osmotic quantity 4.3 atmospheres be designated? The “os- 
motic pressure” is really 9.7 atm., the “turgor pressure” 5.4 atm.; accord- 
ingly the difference, if we are to preserve both these terms, must be 
designated as “the difference between the osmotic pressure and the turgor- 
pressure,” a term surely too detailed to find any support.® 

“Traction” was suggested (Livingston, private communication to Beck, 
1927) presumably to replace tension, but I have no further information 
concerning it.*‘ 

(e) Other suggestions , — Distinctions have been made between static and 
kinetic, between potential and actual (Oppenheimer 30 , 31 ; Benner 36 ), 
between absolute and relative suction force (Huber 22 ; Beneke-Jost 3 , 
vol. I, j). 57), and between osmotic and swelling ( imbibitional ) suction 
force. 

In w^ater intake by the cell osmotic and swelling forces may be associated ; 
the former are usually determinative. Both components in a state of equi- 
librium must of course be equal to one another : a change in one necessarily 
causes a corresponding change in the other. 

The Impatiens cell (fig. 1) with its suction force, S*n = 4.3 atm., can 
take in water, exude water, or be in equilibrium with the environment. 
Which case actually obtains depends upon the value and the direction of 
the suction force gradient (Saugkraftgefalle) of the environment of the 
cell, as well as upon the resistance to transfusion (Filtrationswiderstand). 
Just as one in physics speaks of kinetic and static, of actual and potential 
energy, according to whether or not it results in motion, so one may of 
course do the same thing in physiology. 

« Shull has suggested ‘‘net osmotic pressure'' for this quantity. 

« Translator 's note : The author refers to a letter from Livinoston to the translator 
January 3, 1927, in which Livingston suggested in an informal way a number of terms 
which were submitted by the translator, of his own accord, to Ursprung. The discussion 
is too lengthy to be given here. 
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The only question is whether, to avoid misunderstanding, it is neces- 
sary to speak of a static suction force when the osmotic energy remains 
potential, and of a kinetic suction force when the osmotic energy becomes 
actual and sets the water in motion. An example from mechanics may serve 
to elucidate this. Suppose that two similar, one-horsepower tractors are 
attached to the same vehicle ; in one case the tractors pull in the same direc- 
tion and in the other they pull in opposite directions. It is quite unneces- 
sary to refer in the first case to kinetic or actual horsepower and in the 
second to static or potential horsepower; similarly it is altogether super- 
fluous to make a like distinction in physiology. 

Moreover, the expressions absolute and relative suction force which are 
employed to signify that the cell with a suction force of 4.3 atm. is in the 
first case sucking against pure water, and in the second case against an 
osmotically active environment, are to say the least superfluous. As has 
already been shown (TJrsprung and Blum 49, p. 2), the suction force is the 
same in both cases; the suction force gradient, however, is different in the 
environment of the cell. This fact is simply and unequivocally expressed 
by the use of this old term (suction force). 

New and unnecessary terms should, in my opinion, be avoided, as they 
mean a useless complication of nomenclature which unnecessarily makes 
understanding difficult for the beginner and layman. 

To summarize, then, for the quantity Sz„ = 4.3 atm. the following terms 
are recommended: suction force of the cell, suction tension of the cell, or 
suction of the cell; in addition one may use the expressions suction force 
gradient, suction tension gradient, or suction gradient. 

(2) Suction force op the cell contents, Si^ = 9.7 atm. — ^What has just 
been said regarding suction force of the cell applies as well to the discus- 
sion of the cell contents. We may therefore give our attention immediately 
to the counter suggestions. 

(a) Counter suggestions . — Osmotic pressure is an excellent term in the 
field of physics, which, however, has not proved adequate in plant physi- 
ology. Before 1916 all of the osmotic quantities measured or used were 
simply referred to as osmotic pressure, even when they differed in numerical 
value as well as in their concepts. For example, previous to that time 
osmotic pressure was sometimes understood to mean Szn = 4.3 atm., some- 
times it meant Sin = 9.7 atm., sometimes Tn = 5.4 atm., sometimes Szg = 10.5 
atm. That such a state of affairs must lead to serious confusion is self- 
evident. 

If the physiologist wishes to employ the term ‘‘osmotic pressure’’ he 
must use it in the sense of the physicist, i.e., the maximum pressure which 
the cell sap can sustain in an osmometer which is provided with a semi- 
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permeable membrane. Accordingly it is correct to say that the ‘'osmotic 
pressure of the cell sap is 9.7 atm. Let us now examine this term and 
see whether it serves the physiologist’s purpose. 

Referring to figure 2, h, note that the 0.355 mol cane sugar solution 
exercises a suction upon the water which lies on the opposite side of the 
membrane and above the mercury, which amounts to 9.7 atm. In figure 2, a, 
the manometer shows a pressure of 9.7 atm. The 9.7 atm. may be regarded 
as a tension as well as a pressure. The cell which we have been consider- 
ing possesses a turgor pressure of 5.4 atm. as well as an osmotic pressure 
of 9.7 atm.; since both pressures are the immediate result of the osmotic 
phenomenon, they may, though distinct, readily be confounded. Let a re- 
cent case serve as illustration. (For less recent cases c/. Ursprung and 
Blum 48.) Went (65) says: “The osmotic pressure of the contents of 
the cell is received by the stretched cell wall.” “Osmotic pressure” is 
spoken of, which in the case of our illustrative cell is 9.7 atm., while the 
author has in mind turgor pressure which is really 5.4 atm. 

Since the 9.7 atm. (refer to equation Sz„^ = Sin~Wn) tend to carry the 
water into the cell and the 5.4 atm. tend to force water from the cellf it does 
not seem desirable to apply the same term “pressure” indiscriminately in 
both cases. Since there is no opposition to the term “turgor pressure” as 
here used, there remains nothing else but to drop the expression “osmotic 
pressure” if we are to avoid being misunderstood. 

Osmotic value was suggested as a substitute for “suction force of the 
contents of the cell” by Hofler (21) and Walter (53). The latter desires 
that the osmotic value should be expressed only in atmospheres, while I 
express it in molal units. 

Under the caption “value” anything may be understood a priori. If, 
however, we are to give unequivocal expression to wdiat we mean, we should 
agree upon one mode of expression of the quantity (c/. also sec. 4). Wal- 
ter’s suggestion, to express the value only in atmospheres, is not practic- 
able; first because we frequently need the molal expression {e.g., in the 
V 

equation 0„ = 0g;;^, which is necessary for the determination of Sin of the 

» n 

individual cell), and then because it is not always possible to translate the 
molal value into atmospheres partly because the concentration data are in- 
sufficient. As we already have the expression “suction force (suction ten- 
sion, suction) of the contents of the cell,” the simplest course would be to 
continue to express the “osmotic value” in molal units. 

Osmotic concentration^^ has been used for a long time by Harris 
and his associates (14-19). Recently Pringsheim (33) also has suggested 
the term as a substitute for “osmotic pressure.” Dixon and Atkins (7) 
as also Korstian (24) speak of “sap concentration.” These designations 
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are not to be recommended as substitutes for the quantity Si, which is here 
in question, for it must be measured in atmospheres (as folloivs conse- 
quentially from the equation Sz = Si-W). Logically a concentration 
should not be expressed in atmospheres. 

^^Density of cell sap^^ is used by Kobstian ( 24 ) as synonymous with 
^‘osmotic pressure.’’ This expression also is unsuitable since density can- 
not be measured in atmospheres. 

Water relations/^ water conditions/^ and ‘‘Hydratur” are expres- 
sions that Walter (52-^) suggests as substitutes for “suction force 
(suction tension, suction) of the contents of the cell” and he expresses the 
quantity in atmospheres. He uses three methods for the measurement of 
“Hydratur” which yield results that are numerically different and are 
altogether different in concept: (1) Cryoscopy of the expressed sap which 
gives an average value of Sin = 9.7 atm.; (2) Determination of the vapor 
pressure of intact cells which gives values of S*,, = 4.3 atm. and not values 
for Si„; (3) The method of incipient plasmolysis by which Si^ = Sz^ = 10.5 
atm. is determined. Not only do these methods yield quantities that are 
altogether different in themselves but they are reehristened and defined in 
a manner that introduces confusion. While Walter thinks he is measur- 
ing the “water condition” or “Hydratur,” usually by determining the 
quantity Si„ = 9.7 atm., Renner (36) explains that the “water condition” 
or “Hydratur” can agree in value only with the suction force of the cell 
Sz„ = 4.3 atm. This confusion follow^s from the fact that both authors are 
measuring different quantities and apply common names indiscriminately. 
Walter studies the situation from the point of view of the suction force of 
the protoplasm, while Renner regards it from the point of view of the 
suction force of the cell. These recent examples show how futile it is to 
form a new, indefinite and unnecessary terminology ; it makes things very 
difficult for those who are not very familiar with the subject, w^hile nothing 
of value is gained. I retained, whenever it w as at all possible, the already- 
existing terms, precisely for the purpose of not overburdening the nomen- 
clature. 

(3) The suction force at incipient plasmolysis, Sig = Sz^ = 10.5 atm. — 
Here again that which was already mentioned about “suction force” holds, 
ie., that “suction tension” or “suction” should be considered synonymous 
with it. The modifications “of the cell” and “of the contents of the cell” 
become superfluous, since Sig = Szg = 10.5 atm. At this time it is probably 
self-evident that only the suction force at incipient plasmolysis can be mea- 
sured and not all other kinds of quantities. It follows that previous mis- 
understandings in so far as they arose from confusion of terms should 
henceforth be eliminated. The determination of Sig = 10.5 atm. by the 
plasmolytic method has rendered physiology great service (one has only to 
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recall the work of de Vries), and will continue to do so in the future 
in the study of osmotic regulation) if one only uses a proper plasmolytic 
agent, and if care is taken to interpret the results correctly. 

(4) The osmotic value, On = 0.355 mol cane sugar. — 

(5) The osmotic value at incipient plasmolysis or incipient plas- 
MOLYSIS VALUE, Og = 0.38 MOL CANE SUGAR. — 

The term ‘^osmotic value (when the attribute is lacking, ‘'in the nor- 
mal phase'' is understood) signifies the molal expression of the concen- 
tration of the plasmolyte which is isotonic with the cell sap, when the cell 
has the normal volume (Uksprung and Blum 48 ; Beck 2 ). The osmotic 
value at incipient plasmolysis, ()„ = 0.38 mol cane sugar, must first be deter- 
mined before the quantity 0„ = 0.35 can be deduced from it. The deduction 

IS made by means of the equation, On = On = 0.355 mol cane sugar, in 

V vy 

which Vg is the volume of the cell at incipient plasmolysis, and Vn the 
volume in the normal phase. 

(a) Other suggestions. — Hofler ( 21 ) made the suggestion which was 
seconded by Huber ( 23 ) that the osmotic value should be expressed in at- 
mospheres as well as in molal units. According to this suggestion we should 
write : On = 0.355 mol cane sugar = 9.7 atm. 

As previously mentioned, the term value may, a priori, be variously em- 
ployed, but in the interest of a simple nomenclature, which admits of but 
one interpretation, we should agree upon some simple but adequate term. 
Furthermore, a 0.355 molal cane sugar solution can only be equivalent to 
but not identical with a pressure of 9.7 atm. Different quantities measured 
in different systems of units may not be given a common name just because 
they have equivalent values. Now if the quantity measured in atmospheres 
be designated as the suction force (suction tension, suction) of the contents 
of the cell, there is nothing to prevent us from calling the quantity with its 
equivalent values, expressed in molal concentration units, the osmotic value. 

Osmotic concentration. — Pringsheim ( 33 ) suggests that the term 
“osmotic value" be rejected as not sufficiently definite, while Walter ( 63 , 
p. 83) wishes to have the quantity introduced even into the suction-force 
equation. Let it be recalled that just as in the case of the term suction 
force, we are dealing with a time-honored term that for long has been 
employed in plant physiology. It harmonizes very well, too, with the ordi- 
nary modes of speech ; for just as we speak of the monetary value of various 
things we may discuss the osmotic value of different cell saps. Accordingly 
it is certainly permissible to speak of the “osmotic value" as being 1 mol 
cane sugar solution. The substitute which Pringsheim ( 33 ) proposes, 
“osmotic concentration" of 1 mol cane sugar solution, is decidedly not an 
improvement. In the first place the new term may give the impression that 
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the cell sap contains a 1 mol cane sugar solution; then again the concen- 
tration is measured in mols but not necessarily with cane sugar; finally 
the concentration is not the only factor to be considered in the osmotic- 
phenomena for the chemical constitution of the sap is a factor too. 

(6) The wall peessure Wn = 5.4 atm. — 

(7) The turgor pressure Tn = 5.4 atm.— 

From the nature of things it follows that the wall pressure is the pres- 
sure that is exerted by the wall upon the contents of the cell. Turgor 
pressure is generally admitted to be the pressure exerted by the contents 
of the cell upon the wall. In a condition of equilibrium T = W, when no 
foreign forces enter the consideration. If foreign forces are to be consid- 
ered, T = W ±: A. I am not aware of any terms that may have been sug- 
gested as substitutes for these. 

(b) The suction-force {suction tension) equation. — ^My equation reads : 
The suction force of the cell = the suction force of the contents of the 
cell - the wall pressure ; Sj = Si - W ; of course suction force may be replaced 
by suction tension or by suction. If foreign forces enter into consideration 
the equation becomes : S* = Si - W ± A. T is given by W ± A. 

Suggested substitutes. — Renner (34) : Saxigkraft der Zelle = osmotische 
Druck - Turgordruck. 

S = P-T. 


This equation was published before mine; both were established indepen- 
dently. 

Thoday (43) : Water absorbing power = osmotic pressure - turgor pres- 
sure. 


p = P-T. 


Hoflee (21) : Saugkraft der Zelle = osmotischer Wert (in Atm.) — Tur- 
gordruck. 


S = 0-T. 


Leclero DU Sablon (25) pouvoir osmotique du liquide exterieur = pou- 
voir osmotique du sue cellulaire - turgescence. 

Stiles (40, 41) : suction pressure = osmotic pressure - wall pressure. 

S = P-T. 

, Walter (53): Saugkraft = osmotischer Wert (in Atm.) - Wanddruck. 

SiERP (39) : Saugung der Zelle = Saugung des Zellinhaltes - Wanddruck. 

Several of the suggested substitutes place turgor pressure in the place 
of wall pressure in my equation ; I do not recommend this form of writing 
the equation as it does not indicate the actual condition. The quantity 
which acts counter to the intake of the water is not the turgor pressure but 
the wall pressure (ev. W ± A). 
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Other variations often consist in replacing Si by the osmotic pressure. 
As was shown previously (2) this is not to be recommended; first because 
it leads to confusion with the turgor pressure, and then again because it is 
to no good purpose to use the common term “pressure’’ for a quantity 
which tends to press water from the cell and another which tends to draw 
water into the cell. 

The why and the wherefore of expressing the osmotic value in molal 
units rather than in atmospheres has been discussed (cf, sections 2, 4, 5). 

If suction tension or suction is to be preferred to suction force it is a 
matter of taste so far as I am concerned. 

(c) Suggestions on the reduction of the number of terms, — As was 
mentioned above, Shull (36-38) prefers to use no term other than “osmotic 
pressure” in connection with the turgidity of plant cells. Similarly Lubi- 
MENKO (27) speaks only of “pression osmotique” and “pression de tur- 
gescence,” 

Hober (20) speaks of “osmotischen Druck” and “Turgor.” Olt- 
MANNS (29) even tries to get along with the term “turgor” alone. 

In itself, of course, the notion of reducing the number of terms is very 
welcome; but for all that, the basic purpose, i,e,, the possibility of clear 
expression of ideas and the elimination of misunderstandings, must not be 
sacrificed. That two terms will not suffice to express unequivocally seven 
quantities will probably not be questioned in view of the illustrations which 
were drawn from various authors, and further demonstration will hardly 
be necessary. Referring again to Shull^s reviews, he wrote (36) in ref- 
erence to Blum’s measurements of suction force in alpine plants: “These 
suction force studies show in a different way by plasmolytic means, just 
what Harris’s studies of freezing point depressions have shown, a general 
correspondence of plant cells to the conditions of the habitat.” If he 
intends to convey the notion that the same quantity was measured in two 
different ways, he is in error.^ Harris — ^referring once again to 
the illustrative cell of Impatiens — measured Sin = 9.7 atm.; Blum 
measured S*„ = 4.3 atm. The fact is that the two quantities usually 
do vary in the same sense. Thus while passing from the phase 
of incipient plasmolysis to the saturation phase {cf, fig. 1), both 
experience a decrement, but it is slight in Si, i,e,, from 10.5 to 9.3 atm., and 
considerable in S*, i,e,, from 10.5 to 0.0 atm. If the quantity Si^ is deter- 
mined in the study of the water econotny, faulty individual values are 
obtained, because the real indicator of the conditions is S,,,. 

Whoever attempts to carry on with only one or two terms is bound to 
fall into the same errors that were committed in the past, i,e,, labeling 
indiscriminately Sfn = 4.3 atm., Tn = 5.4 atm., S* = 10.5 atm., whichever 
quantity is desired, as “osmotic pressure.” 

7 He had no such intention. 
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Summary 

The earlier studies of osmosis in plants led to confusion because a common 
name was applied to different quantities and because of attempts to measure 
these quantities by a common method. The creation of methods which 
permit the determination of the different quantities numerically as well 
as in concept, constitutes the essential difference between the more recent 
studies and the older ones. In order to avoid misunderstandings a new 
terminology became necessary. It embraces the expressions : Suction force 
(suction tension, suction) of the cell, 8*^; suction force (suction tension, 
suction) gradient; suction force (suction tension, suction) of the contents 
of the cell. Sin; suction force (suction tension, suction) at incipient plas- 
molysis Sag = Sig; osmotic value. On; osmotic value at incipient plasmoly- 
sis = incipient plasmolysis value, Og; wall pressure, Wn; turgor pressure, 
Tn ; and the turgor distention produced by the turgor pressure. The terms 
are, as they should be, unequivocal, simple, and easy to understand. In 
so far as it was possible, they were linked to the old terminology. The 
terms suction and pressure were chosen in accord with the indications on 
the manometer. Wherever the manometer permits both designations, the 
form that seems best adapted to avoid misunderstandings has been chosen. 
The prime purpose of terminology is simplicity and the elimination of 
error. When these ends can be obtained in different ways a certain flexibil- 
ity in the mode of expression should be tolerated. With me it is a matter 
of taste whether suction tension or suction be considered synonymous 
with suction force. Even though it is desirable to use but a single term 
for a given quantity, it is not absolutely necessary, so long as the essen- 
tial purpose of terminology is not defeated. For decades the significance 
of terminology was underestimated, but we need not for all that go to the 
other extreme. 

Botanischbs Instittjt 
Universitat Freiburg 
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DETERMINATION OP AMINO NITROGEN IN PLANT EXTRACTS 

Neil W. Stuakt 
Introduction 

In nitrogen partition studies it is customary to estimate the amount of 
nitrogen contained in the alpha-amino groups of amino acids by means of 
the Van Slyke gasometric or the Sorensen formol titration method. As is 
generally known, these methods were developed for the analysis of pure 
amino acids or products of protein hydrolysis as applied particularly to 
animal tissues. Since plant extracts usually contain water soluble pigments 
and buffering substances which interfere with the formol titration, the 
Van Slyke method is more frequently employed. 

While engaged in some nitrogen partition studies with alcoholic ex- 
tracts of apple leaves (9), the writer observed that the yield of amino nitro- 
gen by the standard Van Slyke procedure was in excess of the total soluble, 
non-protein nitrogen. This finding has repeatedly been confirmed and the 
same error noted in varying degrees in several other plant tissues extracted 
with water or 80 per cent, alcohol. The present investigation was under- 
taken to study the factors responsible for these anomalous results, and to 
develop, if possible, corrective measures. 

Materials and methods 

Plant tissues used in this study included : apple leaves ; rhubarb petioles 
and leaves; clover roots and tops; young cabbage; tomato, soy bean, and 
sunfiower plants; begonia petioles and leaves; and potato tubers. 

Alcoholic extraction op soluble nitrogenous substances. — ^Repre- 
sentative 100-gm. samples of tissue were preserved in sufficient hot 95 per 
cent, alcohol to give a final concentration of 80 per cent. The alcohol was 
filtered off and the residue extracted eight times with 80 per cent, alcohol 
by the decantation method (9). 

Water extraction op soluble nitrogenous substances. — Similar sam- 
ples of fresh tissue were passed through a Nixtamal mill and weighed por- 
tions of the pulp were ground in a mortar with nitrogen-free sand and 
water at a temperature of 25° C. The soluble material was expressed by 
hand through finely woven cloth. The residue was again ground in the 
mortar and the process repeated until complete extraction of the soluble, 
non-protein nitrogenous substances was obtained. 

Analytical procedure 

Total non-protein nitrogen. — Total nitrogen of the protein-free ex- 
tracts was determined by the Ejeldahl method. When it was possible to 
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demonstrate the presence of nitrates by the diphenylamine test, the modi- 
fied method of Pucher et at (6) was used. 

Alpha-amino nitrogen. — All amino determinations were made with the 
Van Slyke micro-apparatus, using 2- or 4-ml. aliquots. Blank determina- 
tions and the proper corrections for temperature and pressure were made 
regularly. Deaminization was allowed to proceed for a period of five 
minutes and the usual precautions to insure accurate comparable results 
were consistently observed. Values reported for amino nitrogen are aver- 
ages of duplicate determinations which agreed closely. 

Difficulty was encountered in obtaining a satisfactory anti-frothing 
reagent for use during deaminization. Several samples of caprylic alcohol 
proved unsatisfactory owing to the formation of a large blank. A number 
of other materials were tested in blank determinations and with plant 
extracts. Of these toluene proved the best. When used in 0.25-ml. por- 
tions the troublesome frothing was largely suppressed. 

Experimental results 

Substances in plant extracts causing errors in the Van Slyke method 

Ammonia. — It is well known that ammonia reacts with nitrous acid in 
the amino determination, liberating free nitrogen. Van Slyke reported 
(13) that 36.3 per cent, of the ammonia contained in an M/5 solution of 
ammonium sulphate was liberated in five minutes by nitrous acid in the 
macro-apparatus. It seemed desirable to repeat this experiment under the 
conditions encountered in this study. Solutions containing 1.0, 0.5, 0.25, 
and 0.125 mg. of ammonia per ml. were prepared from ammonium sulphate 
and 4-ml. aliquots analyzed in the micro-apparatus. It was established that 
the yield of nitrogen was a linear function of the concentration of ammonia 
and approximately constant under a given set of conditions. Thus in one 
set of experiments, conducted at a temperature of 30*^ C. and barometric 
pressure of 765 mm., an average of 35.2 per cent, of the ammonia was ob- 
tained as amino nitrogen following a 5-minute deaminization period. This 
percentage recovery was found to vary from time to time, being influenced 
apparently by temperature, time, rate of deaminization, etc. Accordingly 
it is doubtful whether attempts to apply a corrective factor for the ammonia 
present in solutions analyzed will prove uniformly satisfactory. Hence 
the removal of free ammonia, if present in appreciable quantities, is neces- 
sary for accurate amino determination. 

It is generally considered that only small amounts of ammonia are found 
in plant tissues. In certain acid plants, however, as the begonia and rhu- 
barb, ammonia may constitute a large proportion of the total soluble, non- 
protein nitrogen. Obviously any amino determinations made on these ex- 
tracts would be greatly in error if the ammonia were not previously re- 
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moved. It is of interest to note that CuiiPEPPEB and CALDWEiiL (3), who 
have recently studied the nitrogen metabolism of rhubarb in some detail, 
encountered difficulty in interpreting the results of their amino determintt- 
tions. These investigators attributed the irregularities and fluctuations of 
their data to the effect of preservation and storage of the tissue in alcohol. 
While this is undoubtedly a factor, the ammonia content of the tissues, 
which apparently was not considered, would vitiate the results of the amino 
determinations if the rhubarb used in the present study was at all com- 
parable. 

Frequently plants grown under disturbed nutritional conditions are 
used for analytical studies. Under such conditions ammonia accumulation 
often occurs as a result of a breakdown in the nitrogen metabolism. Am- 
monia may also increase in stored alcoholic extracts of plant tissues, ac- 
cording to Webster (IB). For these reasons some investigators, as Thomas 
(11), Chibnall (2), Nightingale (4), and others, have employed methods 
whereby the ammonia is removed prior to the amino determination. This 
may be accomplished by a preliminary distillation to remove the free am- 
monia. In some instances the amide linkages are hydrolyzed and the total 
ammonia is then removed prior to making the amino determinations. This 
procedure measures all of the free alpha-amino groups, but some hydrolysis 
of peptide linkages may have occurred during the amide hydrolysis. Fre- 
quently the filtrate from the phosphotungstic acid precipitate of basic 
nitrogen is analyzed for amino nitrogen. This filtrate contains only the 
mono-amino acids and simple peptides. 

Derivatives op phenols. — Investigation disclosed that the di- and tri- 
hydric phenols and their acid derivatives (as the tannins) were readily 
oxidized in the Van Slyke determination with the formation of gases diffi- 
cultly soluble in the alkaline permanganate. The amount of this gas de- 
creased somewhat upon long continued contact with the permanganate. 
The amount of gas formed seemed to be correlated with the number and 
position of the hydroxyl groups present in the compound. Thus the tri- 
hydric phenol, phloroglueinol, yields considerably more gas than the di- 
hydric resorcinol. When the hydroxyl groups are present in the ortho 
position, as in catechol or pyrogallol, much less of the insoluble gas is pro- 
duced. Intermediate values were obtained for hydroquinone which has 
the para grouping of the hydroxyls. Ordinary phenol has little effect. It 
would therefore be expected that the compounds which occur in plants as 
esters and glucosides would react with nitrous acid according to the type 
of linkage, number of free hydroxyl groups, orientation of these groups, 
and probably other factors which are still obscure. 

The tannins, which may be regarded as phenol acids, or glucosides of 
these acids, are widely distributed in plant tissues. Pure tannic acid 
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(Merck’s) reacts readily with nitrous acid, forming a gas which would be 
measured as nitrogen in the amino determination. Extracts of oak galls 
known to contain large quantities of tannin were also found to react in the 
same manner. Many other so-called secondary plant substances are known 
to contain phenolic groups. Such a compound, for instance, is the glueoside 
phlorizin in which phloroglueinol occurs as an ester. This material is 
known to be present in apple tissue in large quantities. Pure phlorizin 
was found to react in the amino determination with the formation of small 
quantities of insoluble gas. 

Mxsobllanbotjs substances. — further source of error lies in the com- 
pounds extracted with 80 per cent, alcohol but insoluble in water. When 
these compounds, consisting of pigments, lipides, and other material of 
indefinite composition, are suspended in water and introduced into the Van 
Slyke apparatus, a variable amount of gas insoluble in the alkaline per- 
manganate is obtained. It is, however, a simple matter to remove these 
materials by the addition of a small amount of toluene or chloroform to the 
concentrated water suspension remaining after the removal of the alcohol. 
The writer prefers chloroform since it sinks to the bottom of the flask, carry- 
ing the lipides with it and permitting the clear supernatant extract to be 
withdrawn. The possibility must be kept in mind that other chemical 
groups may react with nitrous acid, reducing it to nitrogen gas or liber- 
ating other insoluble gases. Tangible evidence for this suggestion is af- 
forded by the well known fact that ethyl alcohol and acetone form large 
quantities of gas when subjected to the conditions of the amino deter- 
mination. 

Pbocedubes to keducb ebboks in the Van Slyke method when applied 

TO PLANT EXTBACTS 

In order to discover the most satisfactory method to reduce errors in 
the Van Slyke method when applied to plant extracts, several plant tissues 
were extracted with water and with 80 per cent, alcohol, and the extracts 
were subjected to different treatments prior to the determination of amino 
nitrogen in the extracts. The soluble proteins were removed from the water 
extracts with colloidal ferric hydroxide as described by Thomas (10). The 
pigments, lipides, etc., were removed from the alcoholic extracts by adding 
chloroform to the alcohol-free filtrates. The emulsion was flocculated with 
magnesium sulphate as previously described (9).^ Suitable aliquots of 
these partially cleared water and alcoholic extracts were then subjected to 
further treatments. 

1 TUi method was originally suggested by Dr. T. 6. Philups of the University of 
Kew Hampshire. 
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Pbboipitation with nbutbaii liBAD ACETATE SOLUTION. — One lot of ali- 
quots was further cleared with saturated neutral lead acetate. The excess 
lead was removed with anhydrous sodium oxalate. 

Aosobption with decolorizinq carbon. — A second lot of aliquots was 
stirred at intervals with decolorizing carbon for one hour, filtered, washed, 
and the filtrates concentrated. The degree of adsorption is admittedly in- 
definite and probably depends upon the concentration of adsorbent and 
extract and the time. As far as possible these factors were kept constant. 

Adsorption with calcium oxide. — To a third lot of aliquots sufScient 
calcium oxide was added to make the extract slightly alkaline. The mix- 
ture was stirred at intervals for one hour, filtered, washed, and the filtrate 
concentrated after making faintly acidic with acetic acid. 

Distillation with solid calcium oxide. — ^Distillation of a fourth lot of 
aliquots with solid calcium oxide under reduced pressure for one hour at 
40°-45° C. was carried out in the usual Van Slyee ammonia apparatus 
(12). A slight excess of calcium oxide was used as determined by pre- 
liminary titration of a small portion of the extract. The extract was 
filtered from the calcium, washed, acidified with acetic acid, and concen- 
trated. The ammonia was collected in 0.02 N acid and titrated to a methy- 
lene blue-methyl red indicator with 0.02 N base. This method was devel- 
oped by Plimmer and Bosedale (5) to permit controlled alkalinity in the 
determination of ammonia by the Van Slyke method. The same method 
was later applied to extracts of apple wood and leaves by Thomas (11), who 
noted that this method, besides removing the ammonia, adsorbed the mate- 
rials which cause frothing during deaminization. The results of the present 
study have fully confirmed the findings of these investigators, and in ad- 
dition have shown that this distillation results in a decrease in the amount 
of gas measured as amino nitrogen. The results of these preliminary 
analyses are shown in tables I and II. 

The data in tables I and II indicate that all treatments resulted in a 
decrease in amino nitrogen as compared with the direct determination on 
the extracts which were only partially clarified in removing the alcohol, 
lipides, protein, etc. This decrease was fairly uniform for a given tissue 
when treated with the precipitating and adsorbing agents, but in no in- 
stance was it so great as that obtained by distillation. The latter method 
was accordingly selected for further study. The pronounced difference be- 
tween the amounts of nitrogen extracted by water and by alcohol is typical 
of many anal3nses and will be discussed in a later section of this paper. 

The possibility must be kept in mind that the distillation procedure as 
previously described may result in a loss of amino acids through oeduidon 
or other means, thereby aoeounting for a portion of the reduction in yield. 
Since there are no methods for determining the absolute amount of any 
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TABLE I 

AlUNO KITBOOEN IN WATEB EXTRACTS OF PLANT TISSUES AFTER DIFFERENT TREATMENTS 

OF THE EXTRACTS 



Water extracts op 100 qm. op presh tissue 

Treatment op extracts 

Apple leaves 

Tomato plants 

Potato tubers 


Amino N 

Amino N 

Amino N 

Colloidal ferric hydroxide to re- 

mg. 

mg. 

mg. 

move soluble proteins 

\ 80.3 

38.5 

148.0 

Further treatments of protein 




free extracts: 

Neutral lead acetate 

34.1 

33.1 

143.3 

Carbon 

30.7 

33.3 

140.7 

Calcium oxide 

33.5 

33.4 

137.6 

Distillation with calcium oxide 

22.4 

30.5 

123.8 


TABLE II 

Amino nitrogen in 80 per cent, alcoholic extracts of plant tissues after different 

TREATMENTS OF THE ALCOBOL-FREED EXTRACTS 



Alcoholio extracts op 100 gm. op presh tissue 

Treatment op extracts 

Apple leaves 

Tomato plants 

Potato tubers 


Amino N 

Amino N 

Amino N 

Chloroform to remove pigments, 

mg. 

mg. 

mg. 

lipides 

44.0 

27.7 

83.5 

Further treatments of pigment 




and lipide free extracts: 
Neutral lead acetate 




Carbon 




Calcium oxide . .. . 




Distillation with calcium oxide 

1 14.8 

20.4 

70.2 


plant constituent, this question cannot be definitely answered. However, 
numerous tests with the pure amino acids, leucine and arginine, and the 
half-amide of aspartic acid, asparagine, resulted in quantitative recovery 
after the distillation. Pure amino acids could also be quantitatively re- 
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covered when added to plant extracts which had previously been distilled 
with calcium oxide and analyzed for amino content. Furthermore, when 
the amino acid solutions were added to the partially clarified but undistilled 
plant extracts, the theoretical value could be obtained by analysis after 
distillation. Their value was determined by distilling: other aliquots of 
the same extract without addition of amino acids and noting the decrease 
in amino value. 

Quadruplicate determinations on individual extracts were found to 
agree closely. Certain extracts were redistilled and it was established that 
no further decrease occurred after the first treatment. On the basis of 
these studies it is concluded that treatment with calcium oxide has no effect 
on the amino acids contained in plant extracts. The decrease in yield must 
then be due to other factors. 

The calcium oxide residue remaining after distillation was subjected to 
study. It was found possible to remove the adsorbed material with acetic 
acid, and after neutralization it could be analyzed directly. Small amounts 
of gas measured as nitrogen in the Van Slyke determination were obtained 
which varied with different extracts. The amounts, however, could not 
account for the magnitude of the reduction in amino nitrogen brought about 
by distillation. The distillation must have exercised some denaturing effect 
on the interfering substances. Aside from precipitating or occluding cer- 
tain materials on the surface of the calcium oxide, an oxidizing effect should 
be obtained as well, since a stream of air is drawn through the suspension. 
Under such conditions it was observed that tannic acid as well as the tannin 
from oak galls could be quantitatively precipitated or denatured so that no 
gas insoluble in alkaline permanganate was liberated in the amino deter- 
mination. Distillation with calcium oxide was therefore considered to be 
the best method since its use removes the free ammonia, adsorbs the mate- 
rials which cause frothing during deaminization, and precipitates or dena- 
tures the tannins. 

After this investigation had been completed the work of Bahn (7) came 
to the writer’s attention. This worker noted that when plant extracts were 
treated with tannic acid to precipitate the soluble protein, difficulty was 
encountered in making the amino determination by the Van Slyke method. 
The difficulty was attributed to a reduction of nitrogen trioxide, NjO#, said 
to arise in the determination, to elemental nitrogen. It is gener^y con- 
sidered that nitric oxide, NO, rather than NgO,, arises in the determination. 
The latter compound is formed only at low temperatures from NO and NOj 
and at room temperature would not exist. Eabn reported that the tannic 
acid could be satisfactorily removed by allowing the extract to stand one 
day with a concentrated solution of potassium bichromate. Tannic acid is 
seldom used as a protein precipitant in this country. The widespread 
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occurrence of tannins in plant tissue, however, makes it imperative that 
their effect be removed before estimation of amino nitrogen. This is par- 
ticularly important when tissues containing but a small amount of amino 
nitrogen are analyzed. 

Limits of ebror in amino nitrogen determination in different tissues 

In order to gain some information concerning the limits of error in 
amino nitrogen that may normally occur in tissues frequently analyzed, a 
number of such tissues were extracted with water and 80 per cent, alcohol 
and the amino content estimated before and after distillation with calcium 
oxide. The total soluble, non-protein nitrogen was also determined. The 
results appear in table III. 

Without exception distillation with calcium oxide reduced the amount of 
“amino” nitrogen ranging from 6.1 to 84.9 per cent, of the values deter- 

TABLB III 

Total soluble, non-protein nitbooen, and amino nitrogen in various plant extracts 

BEFORE AND AFTER DISTILLATION WITH CALCIUM OXIDE. BESULTS 
EXPRESSED AS MO. PER 100 OM. OF FRESH TISSUE 


Tissue 

Method of 

EXTEACTIOH 


Amiko 

NITROGEN IN PLANT EXTRACTS 

NON-PBO- 

TEIN 

Before 

DISTILLA- 

TION 

After 

DISTILLA- 

TION 

Decrease 

Percent- 
age DE- 
CREASE 



mg. 

mg. 

mg. 

mg. 

% 

Cabbage ( 

80% alcohol 

23.8 

14.3 

10.8 


24.5 

plants ( 

Water 

51.5 

23.6 

19.3 


18.2 

Clover C 

80% alcohol 

75.6 

32.8 

29.2 


11.0 

tops ( 

Water 

133,3 

47.9 

44.6 


6.9 

Clover C 

80% alcohol 

117.2 

48.7 

41.7 


14.4 

roots ( 

Water 

170.2 

60.7 

56.2 


7.4 

Soy bean ( 

80% alcohol 

105.7 

43.0 

39.0 

4.0 

9.3 

plants ( 

Water 

163.0 

55.4 

52.0 


6.1 

Sunflower ( 

80% alcohol 

26.9 

6.1 

4.6 


24.6 

plants ( 

Water 

34.7 

10.9 

9.5 


12.8 

Begonia C 

80% alcohol 

24.3 

9.3 

1.4 

7.9 

84.9 

petioles ( 

Water 

42.9 

11.3 

3.9 

7.4 

65.5 

Begonia ( 

80% alcohol 

15.4 

8.6 

3.9 

4.7 

54.7 

leaves | 

Water 

32.2 

10.6 

5.5 

5.1 

48.1 

Bbubarb C 

80% alcohol 

65.0 

17.4 

i 3.2 

14.2 

81.6 

petioles ( 

Water 

77.8 

19.1 

6.7 

12.4 

64.9 

Bbubarb f 

80% alcohol 

59.0 

24.6 

10.6 

14.0 

56.9 

leaves ( 

Water 

99.3 

30.3 

18.1 

12.2 

40.3 
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mined before distillation of the extracts with calcium oxide. Distinct tissue 
differences are evident which must depend upon the amount of non-amino 
substances free to react in the determination. In most cases good agree- 
ment is evident between the decrease in amino value of both water and alco- 
holic extracts of the same tissue, in spite of the fact that greater amounts of 
amino nitrogen were invariably removed by the water. Since the size of 
the aliquot distilled represented a much greater proportion of the total ex- 


TABLE IV 

AlIUOmA AKD AMINO NITBOOEN IN KXTKACTS OF NIHUIAL AND PHOSPHIADS lOnOIKNT TOMATO 
PUNTS. BeSDLTS KXPKESSXD AS MO. PEB 100 OM. OP TISSUE;, PBESH WEIGHT BASIS 






1 Amino nitbooen in extracts 



Geowth 

CONDITIONS 

Ammonia 

Before 

After 



Tissues 


IN 

EXTRACTS 

DISTIL- 

IbATION 

DISTIL- 

LATION 

Decrease 

PSRGEKTAQS 

DEGREASE 





WITH 

WITH 






CaO 

CaO 






mg. 

mg. 

mg. 

mg. 

% 

Upper 

leaves 

• 

Normal 

1L7 

20.3 

14.1 

6.2 

80.5 


Phosphorus 

deficiency 

22.6 

25.9 

16.1 

9.8 

37.8 


f 

Normal 

13.5 

20.8 

14.2 

6.6 

31.7 

Lower 

1 







leaves | 

1 

Phosphorus 

deficiency 

19.3 

27.2 

19.2 

8.0 

29.4 


r 

Normal 

19.4 

25.4 

18.0 

7.4 

29.1 

Upper 

1 

Phosphorus 

deficiency 






stems 

1 

29.3 

31.4 

21.2 

! 10.2 

32.5 


r 

Normal 

29.9 

40.9 

30.1 

10.8 

26.4 

Lower 

1 







stems 

1 

Phosphorus 

deficiency 

83.3 

65.2 

37.2 

28.0 

42.9 


[ 

Normal 

13.5 

20.7 

13.7 

7.0 

33.8 

Boots 

1 

L 

Phosphorus 

deficiency 

26.4 

26.3 

17.1 

9.2 

35.0 


tract in the case of the alcoholic extracts than with the water extracts, the 
possibility of the decrease being due to occlusion or destruction of the amino 
acids through errors in the determination seems precluded. The percentage 
decrease of amino nitrogen was always greater in the case of the alcoholic 
extracts, owing to the smaller original amino content. 

The analyses reported in tables I, n, and III were carried out with freshly 
extracted tissues. Accordingly it seemed desirattle to investigate the be- 
havior of plant extracts which had been subjected to typical laboratory eon- 











144 


PLANT PHYSIOLOGY 


ditions. Tomato plants were grown in a complete nutrient solution and in 
a solution deficient in phosphorus, during the spring of 1932, the continuous 
renewal type of water culture being used. The plants were sampled for 
analysis in June, using the alcohol preservation method which has been de- 
scribed. Each series of plants was divided into upper and lower stems, 
upper and lower leaves, and roots. The primary branches were included 
with the stems, secondary branches and petioles with the leaves. The 
samples were extracted eight times by the decantation method during Octo- 
ber, 1932. The extracts were made to definite volumes, sealed, and allowed 
to stand six months. At the end of this period suitable aliquots were with- 
drawn and analyzed for amino nitrogen before and after distillation with 
calcium oxide. The amount of ammonia present in the extracts was deter- 
mined by the Sessions and Shive aeration method (8). The results are 
shown in table IV. 

A considerable difference exists between normal and phosphorus defi- 
cient plants in ammonia content. Indeed the ammonia content of the de- 
ficient plants is greater than their amino nitrogen content, which in turn is 
greater than the amino content of the normal plants. Such a large amount 
of ammonia would be expected to give erroneous amino values and the data 
indicate that this is the case, the amount of error ranging from 26.4 to 42.9 
per cent, of the direct determination. The amino values after distillation 
are not greatly different in the normal and in the phosphorus deficient 
plants, whereas the direct determination exhibited much wider differences, 
particularly in the lower stems. It is obvious that determining the amino 
nitrogen in the presence of appreciable amounts of ammonia results in an 
overlapping of the nitrogen fractions. As a result the residual or ‘‘other’' 
nitrogen is too low. At the present time investigators assign considerable 
importance to this fraction in the interpretation of metabolism studies. In 
the stems and roots the concentration of ammonia is sufficient to account for 
the decrease in “amino” nitrogen after distillation. In the leaves, however, 
other substances must have been present which added to the ammonia error. 

Effect of alcoholic storage on amino nitrogen 

Eecently Webster ( 14 , 15 ) has reported that stored alcoholic extracts 
of plant tissue usually increase in ammonia and decrease in amino nitrogen. 
In Webster’s work the free ammonia was apparently not removed from the 
extract before making the amino determination. Since the ammonia con- 
tent of the extracts increased, the direct determination of amino nitrogen 
should show an increase as well unless the ammonia arises through deamini- 
zation of the alpha-amino groups. If the ammonia does increase in this 
manner, then extracts should show even greater decreases after the removal 
of this ammonia than when the determinations are made without such treat- 
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ment. Furthermore, the question naturally arises whether or not the ob- 
served decrease in amino nitrogen may be due to transformations of the 
non-amino reacting substances other than ammonia. 

Preliminary experiments designed to throw some light on these ques- 
tions have been carried out with alcoholic extracts of tomato leaves and 
stems stored in light and darkness. The results of periodic analyses clearly 
confirm the conclusions of Webster. In one instance with extracts of 
tomato stems the amino content decreased 35.8 per cent, in the dark and 
47.3 per cent, in the light during a storage period of five months. The am- 
monia content, estimated before making the amino determinations, steadily 
increased. The rate of increase in ammonia and decrease of amino nitrogen 
was most rapid during the first four weeks of storage. The loss of amino 
nitrogen was far greater than could be accounted for by the increase in am- 
monia. This decrease must represent an actual change in the amino groups 
so that they are not free to react with nitrous acid. The mechanism of the 
change is not clear. It is probable that considerable variation might exist 
in other tissue extracts. Also the rates might be somewhat different during 
storage in alcohol before complete extraction. However, the common prac- 
tice of preserving large numbers of samples which cannot be analyzed for 
long periods of time must be questioned. 

Comparison of water and 8o per cent, alcohol as extractives 
of soluble nitrogen 

The data contained in tables I, II, and III permit a direct comparison to 
be made between water and 80 per cent, alcohol as extractives of soluble 
nitrogen and amino nitrogen. Without exception extraction with water re- 
moved larger amounts of nitrogen than did alcohol. In fact, the magni- 
tude of the differences raises some question as to the value of 80 per cent, 
alcohol as an extractive of the nitrogenous substances. In some instances 
50 per cent, alcohol has proved to be about as effective as water for extrac- 
tion of the soluble nitrogen. In nitrogen partition experiments with potato 
tubers it was established that 97 per cent, of the non-protein nitrogen re- 
moved with water could be extracted from similar samples with 50 per cent, 
alcohol by volume. In such cases the tissue is best preserved in 80 per cent, 
alcohol, the subsequent extractions being made with 50 per cent, alcohol. 
It would seem that this method (1) is deserving of further study and use 
when large numbers of samples must be handled in a limited period of time. 

The writer has frequently found that the excess of total soluble, non- 
protein nitrogen removed with water over that removed with 80 per cent, 
alcohol is reflected in higher concentrations of all the soluble fractions, with 
the exception of ammonia or other volatile bases measured as ammonia. 
This difference is usually most pronounced in the basic fraction. The in- 
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crease is not due to incomplete removal of the soluble protein from the 
water extracts, as preliminary experiments with other protein precipitants, 
acetic acid, trichloracetic, etc., gave entirely similar results. The possibility 
of proteolytic enzyme activity was restricted to a minimum since in this 
work duplicate samples of but a single tissue were taken for extraction at a 
time, thus permitting prompt treatment of the extracts. It is realized that 
not all tissues in their fresh state lend themselves to extraction with water. 
However, it seems desirable whenever possible in nitrogen partition studies 
to employ fresh tissue and water extraction. 

Discussion 

In this paper evidence has been presented indicating that the conven- 
tional methods for the determination of amino nitrogen in plant extracts 
may give erroneous results. It has been shown that the preliminary distil- 
lation with calcium oxide as outlined made possible the determination of 
amino nitrogen values which more closely approached the true values. The 
importance of this treatment depends upon the tissue involved. In a com- 
paratively wdde range of plant tissues there w^as a decrease in amino 
nitrogen when distilled with calcium oxide, but these data must be regarded 
as relative rather than absolute. While the composition of any species is 
doubtless fairly well defined, wide fluctuations in the proportions of the 
various fractions may occur through differences in physiological age, min- 
eral and organic nutrition, etc. That the amount of amino nitrogen as well 
as of the non-amino substances concerned will be influenced is certain. Aside 
from the errors involved in the actual amino determination, it is evident 
that the preservation and extraction of the tissue may greatly influence the 
results. The necessity of a careful preliminary study of the properties of 
a tissue before undertaking extensive analytical work must be emphasized. 

Summary and conclusions 

1. Treatment of plant extracts with neutral lead acetate, decolorizing 
carbon, and solid calcium oxide invariably resulted in a decrease of gas 
measured as amino nitrogen by the Van Slyke method. Evidence is pre- 
sented supporting the validity of the method of low-temperature distilla- 
tion with solid calcium oxide* under reduced pressure /which resulted in 
maximum decrease in all eases. 

2. Acid derivatives of the phenols, as the tannins, were found to react 
with nitrous acid in the amino determination producing gases measured as 
nitrogen. This error is eliminated by distillation with calcium oxide. 
Limits of error caused by the presence of ammonia are discussed. 

3. Reductions in gas measured as amino nitrogen ranging from 6.1 to 
84.9 per cent, were found in twelve plant tissues extracted with water and 
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80 per cent, alcohol after distillation with caleitun oxide. Five plant frac* 
tions of normal and phosphorus-deficient tomato plants showed similar 
decreases of 26.4 to 42.9 per cent, after ten months’ storage in alcohol. 

4. Alcoholic storage of tomato plant extracts was found to result 
in marked increases in ammonia nitrogen and decreases in alpha-amino 
nitrogen. 

5. With nine plant tissues 80 per cent, alcohol extracted an average of 
only 63.7 per cent, as much soluble non-protein nitrogen and 66.9 per cent, 
as much alpha-amino nitrogen as was removed with distilled water at a tem- 
perature of 25° C. 

Labokatobt or Plant Physiolooy 
Univsesitt of Maetland 
College Park, Maryland 
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GROWTH, ORGANIC NITROGEN FRACTIONS, AND BUFFER 
CAPACITY IN RELATION TO HARDINESS OF PLANTS* 

8. T. Dextbb* 

Introduction 

Since the evidence in the literature has become somewhat confused upon 
several points relating to winter hardiness in plants, it seemed desirable to 
investigate some of the points of controversy according to a newer technique 
and with the benefit of more specific information that has recently become 
available. The newer emphasis, that hardiness does not exist as such in a 
hardy variety, but that it must be developed, has been the result of the 
work of a number of investigators. Within the past year or two it has been 
shown that winter wheat plants of the most hardy varieties harden only 
poorly when placed at a low temperature in the dark (16, 3). The whole 
matter of increase in resistance to cold has been connected with opportunity 
for photosynthesis, storage of organic foods, low respiration, and slight 
vegetative growth (3, 7). 


Experimentation 

In the first experiment it seemed desirable to know whether winter 
wheat plants added materially to their dry-matter content if stored in a 
cold-room with artificial illumination. Minhardi plants were grown to an 
age of three weeks in the greenhouse, after which a part of the crop was 
moved to a room at 2° C. 

In all experiments reported in this paper the plants were grown in 
quartz sand cultures with nutrient solutions. Six pots with 25 plants eacfi 
were harvested prior to cold-room treatment, six were stored in the dark at 
2° C., and six were stored in continuous light at 2° C. After two weeks 
the plants in the cold-room were harvested. The hardiness of the plants 
was determined before and after storage by the freezing-exosmosis method 
of Dexter et al. (6). Table I shows the results of this experiment. Since 
the pots were very uniform, only totals are given. 

From the table it would appear that the plants made marked growth, 
as seen by the more than doubling of the weight of the dry matter contained 
in them. It was not possible, however, to distinguish the two sets visually 
after removal from the cold-room. Increase in the length of the leaves 
was hardly more than the experimental error. The plants that were stored 
in the light in the cold-room were materially lower in total nitrogen per 

1 Coafilbation from the Laboratory of Plant Phyaiology, UniToraity Farm, St. Paul, 
MianeBota. 

* National Beseareh Fellow at the Univereity of Minnesota. 
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TABLE I 

GBOWTH op WINTEK WHIiT (MINHAKDI) at 2® C, SHOWING CHANGES IN HARDINESS WHEN 
ILLUUINATED AND WHEN BTOBBD IN DARKNESS 


SaMPIiE 

Tops 

Roots 

Total 

DRY 

WT. 

Freez- 
ing IN- 
JURY. 

SpEoinc 

CON- 

DUCTIV- 

ITY 

xl0», 
25® C. 

Dry 

MATTER 

Green 

WT. 

Dry 

WT. 

Total 

NITRO- 

GEN 

Green 

WT. 

Dry 

WT. 

LESS 

ASH 


% 

gm. 

gm. 

I i/w. 

grn. 

gyn. 

gm. 


At the start 

14.0 

51,7 

7.2 

0.218 

42.4 

4.8 

12.0 

99.1 

14 days 2=^ C. 









dark . . 

14.1 

55.3 

7.8 

0.267 

40.7 

4.7 

12.5 

98.6 

14 days 2® C. 


1 







light 

22.9 

74.3 

17.1 

0.444 

54.8 

9.1 

26.2 

40.0 


gram dry matter than the other sets, although the total nitrogen per plant 
was much greater in them. It is evident that the plants which received 
illumination carried on active photosynthesis and took up nitrogen from 
the soil at the temperature of 2° C. These plants hardened materially, 
whereas the hardening in the plants stored in the dark was hardly per- 
ceptible. Analysis showed that the content of reducing sugars in the plants 
stored in the dark had dropped to a mere trace during the period in the 
cold-room. 

In the next experiment, winter wheat plants were grown for two weeks 
in the greenhouse with a full nutrient solution. At the end of that time 
the nitrogen was washed from half the pots, and the plants were allowed 
to grow for two weeks without nitrogen in the nutrient medium. Calcium 
chloride was substituted for calcium nitrate. At the end of two weeks 
without nitrogen, extracts from the minus-nitrogen plants gave no test for 
nitrates with diphenylamine and the plants were presumed to be virtually 
free from inorganic nitrogen. They showed every evidence of nitrogen 
deficiency. 

By means of this experiment it was hoped that several points might be 
clarified: (1) Does the commonly reported increase in soluble organic 
nitrogen result from uptake from the soil, or is it due to breakdown of 
proteins? (2) Does the winter wheat plant require nitrogen in the soil 
during hardening? (3) ‘Will minus-nitrogen winter wheat plants harden 
at a low temperature in the dark? 

The organic nitrogen fractions in the plants were determined in the 
following way. Fresh samples (20 plants) were treated with ether uid 
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ground to a smooth paste with quartz sand. The sample was made to a 
definite volume with tenth normal potassium sulphate, centrifuged, and the 
residue washed and centrifuged three times. The resulting suspension was 
coagulated with heat, after adding a few drops of acetic acid. The coagu- 
lated material was removed by filtration. The three fractions were deter- 
mined separately, i.e,, the soluble or non-coagulable fraction, the coagulable 
fraction, and the fraction thrown out by the centrifuge. It was not found 
possible to obtain checks on duplicates for the latter two determinations, 
although the ^‘soluble” fraction gave good checks. The ‘‘soluble’’ nitrogen 
is reported, then, as the percentage of the total nitrogen in the plants. On 
this basis the duplicate samples cheeked well. Table II gives the results of 
this experiment. The experiment was repeated, with the additional 
analyses for amino nitrogen (Van Slyke), and for carbohydrates. Table II 
includes these figures. According to a similar idea, samples of cabbage 
leaves were prepared from plus-nitrogen plants, deficient in starch and 
actively growing, and from minus-nitrogen plants high in starch. Samples 
to be compared in any regard consisted of half-leaves, split at the midrib. 
One set was analyzed as it came from the greenhouse, the other after stor- 
age in a moist chamber at 2® C. in the dark for 7 days. 

Table II appears to answer the first question as to the increase in 
soluble organic nitrogen in plants stored at a low temperature. Several 
workers have noted this increase and have attributed the increase in hardi- 
ness partly to this cause (10, 6). In a recent paper Newton et al, (12) con- 
cludes that the increase in soluble nitrogen, especially in alpha amino form, 
is due to the occasional freezing of the plants during the early winter 
season. The plants in this experiment were not frozen, however. That 
the increase in soluble nitrogen comes from the breakdown of proteins 
seems probable from the figures presented in the table. Plants which gave 
no tests for nitrate nitrogen increased as much in soluble nitrogen as those 
liberally supplied with the element in nutrient solutions, and in which 
liberal amounts were present, according to the diphenylamine test. 

Table II presents the data relating to hardening of these plants at 2® C. 
both in light and in darkness. Since it was anticipated that the samples 
might differ greatly in total soluble extractable electrolytes, samples were 
killed by heating and extracted to give the total salts in the same volume of 
water as was used for the freezing-exosmosis test ( 4 ) . The samples of winter 
wheat crowns were frozen at -8® C. for two hours; the cabbage at -6® C. 
for two hours. The table shows that winter wheat plants high in carbo- 
hydrates, due to nitrogen starvation, hardened well in the cold room. 
Those in the light hardened more than those in the dark, but in either case 
mineral nitrogen did not seem to be necessary for the hardening process. 
High-carbohydrate plants of either wheat or cabbage hardened well in the 
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dark; low carbohydrate plants little or not at all. If illuminated, plus- 
nitrogen plants hardened well. 

To summarize the results of this experiment it may be stated that: 
(1) Proteins are split in the plants stored at this low temperature entirely 
regardless of the hardening process. In every case the plants which 
hardened least increased most in soluble nitrogen. (2) Cabbage and winter 
wheat plants do not require nitrogen from outside the plant to carry on 
the hardening process. (3) Minus-nitrogen plants, high in starch, 
hardened well at 2 ° C. without illumination, in sharp contrast with those 
low in carbohydrates. 

Certain elements were not included in the nutrient solutions in the sand 
cultures. The salts used were calcium nitrate, potassium acid phosphate, 
and magnesium sulphate, with traces of iron as phosphate. Tests for 
chlorides in the extracts from the crowns showed mere traces. Seemingly 
chlorides are not necessary in the hardening process but did not prevent it, 
since calcium chloride was used in the minus-nitrogen series. The apparent 
loss of minerals from the samples of winter wheat which harden has been 
described more fully in another paper ( 4 ) . 

It seemed desirable to investigate the hardening capacity of other minus- 
nitrogen plants. Winter rye, winter barley, and winter oats were grown 
as previously described. As in the case of winter wheat, minus-nitrogen 
plants of rye, barley, and oats were found to harden in the dark at 2® C., 
whereas plus-nitrogen plants hardened very slightly. To a few pots of 
plus-nitrogen plants of these four species, a 2 per cent, sucrose solution 
was added, and the plants set at 2® C. in the dark. With all four cereals 
hardening was somewhat better than the corresponding plants which did 
not receive sugar, but not so complete as the minus-nitrogen plants in the 
dark (2). According to a similar idea, the freshly severed stems of cabbage 
plants were placed in water, in 2.5 and 10 per cent, sucrose solutions, and 
kept in the greenhouse for 40 hours. The samples were then analyzed for 
sugars, for freezing injury at - 6® C., and for ice formed, by the calorimetric 
method. The results were perfectly regular and orderly. More wafer was 
left unfrozen in the plants placed in 10 per cent, sugar than in 2.5 per cent., 
which in turn showed more unfrozen water than the plants kept in water 
alone. Average water unfrozen in four samples of each was 9.95, 8.70, 
and 6.94 gm. in the 10 per cent, sucrose, the 2.5 per cent, sucrose, and the 
water only, respectively. Injuries, according to specific conductivities 
taken, were 44.5, 59.5, and 75.1 for the samples as just given. The amount 
of total sugars in the plants kept in 10 per cent, sugar was more than double 
that in the others. Peculiarly enough the reducing sugars were about 
twice as great in amount as in the normal plants, although sucrose only 
was supplied. Evidently the plant has a capacity to hydrolyze rapidly 



154 


i^LANT PHYSIOLOGY 


sugars furnished in this ’vvay. The marked protection against freezing 
injury might well be explained by the decrease in the ice formed. The 
increase in hardiness, however, was far less than can readily be accom- 
plished by simple exposure to low temperatures for a week, during which 
time the increase in sugar is far less than was found in these cases. It 
seems improbable that increase in hardiness can usually be explained in 
such simple terms. 

In another experiment, the buffer capacity of samples of cabbage leaves 
before and after hardening was investigated. Half-leaf samples were again 
prepared from plants high and low in carbohydrates respectively. One set 
of half -leaves was ground with a pinch of quartz sand before exposure to 
cold; the other half -leaves were put to harden in the cold room for seven 
days. They were stored in a moist chamber in the dark. After grinding 
to a smooth paste, the samples were made to a definite volume, and the 
hydrogen ion concentration determined with a hydrogen electrode. Defi- 
nite volumes of tenth normal hydrochloric acid or sodium hydroxide were 
added with a pipette to half the sample, and the hydrogen ion concentration 
again determined, until five additions of acid or base had been made. A 
total of eight samples of each type of sample was run, on two occasions. 
The voluminous data obtained will not be presented in full. In seven out 
of eight samples of cabbage leaves which actually hardened at 2° C., the 
ground leaves were found to be slightly more alkaline after exposure to 
cold than before; in six out of eight samples of low carbohydrate leaves, 
which did not actually harden at 2° C., the leaves were found to be slightly 
more alkaline after exposure to cold than before. Thus whether the plants 
hardened or failed to harden, this response appears to be more or less 
identical. The changes were practically the same in each case and 
amounted to about 0.2 pH unit. In all cases, however, the plants that were 
high in carbohydrates were distinctly more acid than those low in carbo- 
hydrates. Those high in nitrogen were found to be better buffers, as well, 
either before or after exposure to cold. Exposure to cold did not appear 
to change the buffer capacity in either case. 

The increase in hardiness has been attributed to an increase in soluble 
nitrogen and an increase in buffer capacity. An increase in soluble nitro- 
gen unquestionably occurs on exposure to low temperatures, but it occurs 
to a greater degree in plants that have not hardened than in those which 
have. Newton (11) failed to find a correlation between buffer capacity 
and hardiness in winter wheat. Harvey (8), who reported a definite 
increase in buffer capacity in cabbage which was hardened, used the ex- 
pressed juice from the plants. This expressed juice, after hardening, is 
usually higher in total solids than before hardening, and might well show 
more buffer capacity since it contains more dry matter. In the technique 
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used in this experiment, however, virtually the same amount of dry matter 
was used in each case. No change in buffer capacity was found in a given 
number of cells or a given amount of material. The increase in soluble 
nitrogen in high carbohydrate plants during exposure to cold is not par- 
ticularly great, since the quantities present are small. In the samples 
analyzed, less than 0.3 mg. of soluble nitrogen was present per gram of fresh 
leaves. Even though this amount almost doubles during exposure to cold, 
it must still be a very small factor in the buffering of the plant juice. The 
amount of soluble nitrogen present in the vegetatively active cabbage plants 
was about four times this amount. 

In view of the findings of these previous experiments, it seemed desir- 
able to reinvestigate the matter of the hardening of plants in an alternating 

TABLE III 

Change in hakginess, soluble NirKooBN, and suoabs in HALr-LSAr samples or cabbagi 

STOKED POK SEVEN DAYS IN THE DABK AT CONSTANT LOW, ALTEBNATIMO 
HIGH-LOW, AND INTERMEDIATE TEMPEBATUBES 


1 

i 

Sample 

! Freezing injury. 

1 Specific con- 

DUCnVITT X 10“" 

Soluble N 

Sugars 

Reducing 

Sucrose 

oo 

1 2«- 
[ 20° 

15° 

2° ' 

2°— i 
, 20° ; 

2° C. 

i2° C.- 
20° C. 

15° C. 

2»C. 

2° C.- 
20° C. 

15® C. 




•C. 

mg. 

mg. 1 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

1 ! 

236 

595 

621 

1 

1 

! 








2 

172 

462 

508 


1 

1 ... 



. .. . 


.. .. 



3 ' 

140 

281 

264 




! 

i 




4 - 

271 

552 

604 







,, 1 



5 . : 

419 

419 

286 











Average 

247 

462 

457 

15.1 

41,1 

: 0.613 

0.543 

0.549 

0.272 

0.140 

0.099 


temperature. Habvev (9), Tysdal (16), and others in unpublished work, 
have observed increased hardening in plants that were subjected to alter- 
nating temperatures. Frequently these plants were given continuous 
illumination, whether at a constant or an alternating temperature. Dexter 
(3) and Ttsdal (16) have used various lengths of day and night during 
hardening. Dexter has presented data which seem to indicate that the 
increased hardening under such conditions is due to increased photosyn- 
thesis and greater net storage of organic foods. In the experiment now 
reported, half-leaf samples were stored at 2“ G. continuously. The other 
halves were alternated between 2® and 20® C. at approximately 12-hour 
intervals. A third sample, as nearly like the duplicate half-leaf samples 
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as possible, was stored at a constant temperature of 15® C. It was esti- 
mated that the respiration of this sample would be approximately that of 
the sample alternated between 2® and 20® C. The samples were contained 
in moist chambers, in the dark, and no wilting was evident at the end of 
the experiment although those at the higher temperatures were somewhat 
yellowed. Five samples were stored under each temperature condition for 
examination of hardiness. Samples were also prepared for examination 
of change in soluble nitrogen and for sugar analysis. Table III presents 
the data from this experiment. 

From the data given in table III, it can be seen that the samples stored 
at 2® C. hardened a great deal more than duplicate half-leaf samples alter- 
nated from 2® to 20® C. Each set was in the dark. The samples alternated 
appear to be almost precisely as hardy as the samples kept constantly at 
15® C. These were not duplicate half-leaf samples but were as nearly iden- 
tical as possible. The soluble nitrogen in the leaves kept at 2® C. con- 
tinuously is less than half that of the alternated leaves. The increase in 
soluble nitrogen in the alternated leaves evidently did not give them greater 
hardiness. The sugars, and especially sucrose, were higher in the sample 
kept continuously at 2® C. than in either of the other two samples. The 
other two samples agree perhaps as well as could be expected, since they 
were not duplicate half -leaves. These data would seem to support the 
idea previously put forth (3) that if greater hardening is found under 
conditions of alternating temperature, above the freezing point, it is due 
to the greater photosynthesis under those conditions. Alternating tem- 
peratures, with the plants in the dark, or in the light without carbon 
dioxide, do not seem to stimulate the hardening reaction. 

Summary and conclusions 

1. A reexamination of some of the theories of winter hardiness of plants 
has been made. It should be recognized in any work dealing with the 
hardening reaction, that plants which are usually thought of as hardy need 
not necessarily harden if placed at a low temperature. This reaction seems 
to be largely dependent upon the organic nutrition of the plant, if oppor- 
tunity for photosynthesis is denied at the low temperature. 

2 . Plants of a hardy variety of winter wheat were grown with excess 
and with minimum nitrogen supplies in the nutrient medium. When 
placed at 2® C. without illumination, it was found that those high in nitro- 
gen did not harden, although there was a considerable increase in soluble 
organic nitrogen in the plants during the period at the low temperature. 
The minus-nitrogen, high-carbohydrate plants hardened well in the dark 
with an increase in soluble organic nitrogen. Sugars increased in the 
high-carbohydrate plants and decreased in the plus-nitrogen plants during 
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such storage. Although the behavior in regard to organic nitrogen was 
almost indistinguishable, the difference in hardening was marked. With 
both sets of plants in the light at a low temperature, hardening was effi- 
ciently carried out, and the increases in soluble organic nitrogen were less 
than with corresponding plants in the dark, where hardening was in all 
cases less. Thus increase in soluble organic nitrogen is no indication of 
increase in hardiness. 

3. Minus-nitrogen, high-carbohydrate plants of winter rye, winter bar- 
ley, winter oats, and cabbage were found to harden at 2® C. in the dark, 
while corresponding plants low in carbohydrates due to surplus nitrogen 
in the nutrient medium did not harden under those conditions. 

4. Cabbage leaves, low in carbohydrates and high in nitrogen, although 
they hardened but little at a low temperature were found to be more alka- 
line and better buffers, both before and after exposure to cold, than leaves 
high in carbohydrates and low in nitrogen. While the samples of both 
sets were generally slightly more alkaline after exposure to cold for a week, 
they were not distinguishably better in buffering capacity than before 
exposure to cold. 

5. Constant low temperature in the dark was more effective in causing 
hardening in cabbage leaves than alternating temperatures in the dark. 
Higher sugar content was found in the samples kept constantly at 2 ° than 
in samples alternated between 2° and 20° or stored at a constant tempera- 
ture of 15° C. Soluble nitrogen was higher in the alternated leaves than 
in those held at 2° C. 

6. There appears to be a series of reactions which proceed in a plant 
at a low temperature entirely regardless of increase in hardiness. There 
is an increase in soluble organic nitrogen. There is a decrease in respira- 
tory rate which is not correlated with increase or decrease in sugars or 
enzjnne activity (5, 1). There is, usually at least, an increase in sugars, 
which may or may not be accompanied by decidedly increased hardiness. 
A continued and critical examination of the theories of winter hardiness is 
needed. 

Miobigan State College 
Kast Lausimg, Micbioab 
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RELATIONSHIP BETWEEN NITROGEN FERTILIZATION AND 
CHLOROPHYLL CONTENT IN PINEAPPLE PLANTS^ 

R. K. Tam and O. C. Magistad 
(with two figures) 

Introduction 

Since nitrogen is an essential part of the chlorophyll molecule, any 
appreciable lack of it in the mineral nutrient supply of the plant should 
result in a suppression of chlorophyll formation. The extent of this sup- 
pression would, of course, be modified if there were a deficiency in other 
growth factors such as light, iron, magnesium, carbon dioxide, and water. 

It is the purpose of this paper to show the relationship existing in leaves 
of pineapple plants between the total chlorophyll (a + |3) concentration and 
various amounts of nitrogen applied as fertilizer in a series of field experi- 
ments. 

According to Schertz (8), Ville in 1889 was probably the first investi- 
gator to note a definite relationship between nitrogen supply and chloro- 
phyll formation. The color of the plants observed varied according to the 
amount of nitrogen applied. Similar observations were made by Pinckney 
(6) in the case of sorghum fertilized with sodium nitrate. 

SiDERis (unpublished data) has shown that leaves of pineapple plants 
receiving very large quantities of nitrogen had an increased content 
of amino acid and chlorophyll. 

Schertz (6), working with Coleus Uumei (var. Golden Bedder), found 
that the mottling of leaves was due to a lack of nitrogen and could be pre- 
vented by the addition of sodium nitrate. The addition of iron, magne- 
sium, calcium, or phosphate failed to prevent mottling and subsequent 
shedding of the leaves by the plant. On the other hand, Briggs, Jensen, 
and McLane (1) were unable to establish a relationship between the per- 
centage of leaves mottled and the total nitrogen content in the soil in both 
the orange and lemon groves studied. In a later investigation Schertz (8) 
concluded that the amount of nitrogen supplied correlated with the amount 
of chloroplast pigments present in the fresh green leaves of cotton 
and potato plants. 

UiiViN (10) recently found that more chlorophyll was produced by 
plants of sugar cane receiving nitrogen as nitrate than by those receiving 
nitrogen as ammonia at each of three soil temperatures. The application of 
1 to 15 p.p.m. of iron caused a marked increase in chlorophyll formation. 

1 Published with the approyal of the Director as Technical Paper no. 77 of the Pine- 
apple Experiment Station, University of Hawaii. 
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Gtjthbib (3) showed that the availability of nitrates affected the chloro- 
phyll content of plants differently during winter and spring. The lack of 
nitrates in winter did not induce any chlorophyll loss, but in spring a great 
reduction occurred when there was an insufficient supply of nitrates. 

Experimentation 

Material 

Total chlorophyll (a + P) determinations were made on pineapple leaves 
from four field experiments. Table I gives the location, number of plants 
per acre, and fertilization rate in pounds of nitrogen per 1000 plants for 
each of the treatments in the four experiments. The amount of nitrogen 
indicated was applied during the growing period of approximately 20 
months. 

TABLE I 

Description of field ezpebihbnts fbom which leaf material was 

OBTAINED 


Experi- 

ment 

NO. 

Location 

Plants 

PER ACRE 

Fertilization rate in 

LB. N PER 1000 PLANTS 

I 

Field 6, Kunia 

15,600 

0, 6.4, 12.8, 19.2, 25.6, 38.4 

II 

Field 4719, Opaeula 

12,300 

0, 8.1, 16.2, 24.3, 32.4, 48.6 

III 

Field 15a, Wahiawa Substation 

9,680 

0, 10, 20, 30, 40, 60 

IV 

Field 45, Maui 

17,424 

0, 5.7, 25.8, 37.2, 42.9, 48.6 


Experiments I, II, and III were each divided into two parts. Part A 
received its nitrogen in two applications, at the time of planting and at the 
age of 12 months. Part B received its nitrogen in four applications, one- 
fourth at the time of planting and equal amounts at the age of 6, 12, and 
18 months. The leaf samples were obtained shortly prior to harvest when 
the pineapple fruits were still green but nearly full size. 

AH four experiments were installed in the fall (September and Octo- 
ber) of 1932. They were regularly and well supplied with iron as ferrous 
sulphate spray. 

Ammonium sulphate was used as the nitrogen source in all four experi- 
ments. Neither potassium nor phosphorus was applied in experiments I, 
II, and III. All of the plots in experiment IV had been uniformly fertilized 
with 5.8 lb. P2O5 and 2.9 lb. KjO per 1000 plants. 

Method of determination 

The method used in the extraction and separation of chlorophyll from 
the other plant pigments was that of ‘WillstXtter and Stouu (11) as 
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modified by Schertz (7). It was found after a few trials that the great 
variation in chlorophyll content of plants between treatments made it 
necessary to vary the size of the samples taken for chemical analysis. 
Accordingly, 25 gm. were used in the ease of the samples from the low 
nitrogen plots while 15 and 10 gm. samples were used for the plants fer- 
tilized with larger amounts of nitrogen. Care was taken to grind the larger 
samples for a longer period of time than the smaller samples in order to 
obtain an equal degree of extraction. 

Subsequent to extraction, saponification, and separation, the chloro- 
phyllins were run into a 100-cc. volumetric flask and made to volume with 
distilled water. Determinations were made by comparison, in a Klett 
colorimeter, with the artificial color standard developed by Guthrie (2). 

Sampling 

Before proceeding with the regular analyses of the samples from the 
different experiments, it was desired to determine the variations existing 
in the chlorophyll content of plants within the same plot. A knowledge 
of the degree of the variations would provide information as to the number 
of leaves to use for a reliable sample. 

Single leaf samples from each of twelve separate plants were obtained 
from the plot receiving 25.6 lb. nitrogen per 1000 plants of experiment lA. 
Total chlorophyll determinations were made on these twelve samples, and 
the means, standard deviations, and coefficients of variability were calcu- 
lated. These appear in table II. 


TABLE II 

Variation in chlorophyll content of pineapple plants within a 

SINGLE PLOT 


Statistic 

Chlorophyll 
100 GM. 
wet basis 

Chlorophyll 
100 GM. 

DRY BASIS 

Chlorophyll 
100 SQ. CM. 


mg . 

mg . 

mg . 

Mean ... 

61.36 

336.65 

13.71 

Standard deviation, Cx 

±. 5.22 

± 31.17 

± 1.20 

Ooefficient variability, C. V, 

8.51 

9.26 

8.75 


From a knowledge of the standard deviation of these twelve samples 
(table II) and the great range in chlorophyll content at various nitrogen 
levels, it was decided that a sample consisting of one leaf from each of three 
separate plants, within the same plot, would constitute a sufficiently reliable 
analysis. Accordingly all subsequent samples were composited from three 
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leaves. The longest leaves were used and fall in group L~III (9). At the 
time of sampling all plants were approximately 20 months old with fruits 
nearing maturity. 

Determination of leaf area 


In order to calculate chlorophyll content per unit area, some means of 
measuring leaf areas was necessary. 



Fig, 1. Chlorophyll (a + p) content of pineapple leaves with varying amounts of 
nitrogen applied; dry weight basis. 



IBS. NITROeeN PtR lOCX) PLANTS 

Fig. 2. Chlorophyll (a+P) content of pineapple leaves witl 
nitrogen applied; dry weight basis. 


varying amounts of 


Kbauss ( 4 ), in studies on the transpiration of pineapple plants, deter- 
mined the area (upper and lower) of large pineapple leaves by considering 
them triangles of small base and great altitude, and used the formula: 
area = length x width. 
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The width was measured along an imaginary line near the base of the 
leaf at the junction of white and green tissue. The length was taken from 
this line to the tip of the leaf. 

This formula was used in the present study to determine the area, except 
that the product of the length times the width was multiplied by 0.5 to 
obtain the area from one side of the leaf only. The widths were taken 5 cm. 
from the base of the leaf and the lengths from this point to the tip of the 
leaf. The formula was checked by a series of planimeter readings of traces 
of representative leaves. Calculated on the basis of eleven readings, a mean 


TABLE III 

Chlorophtli, content of pineapple plants reoeivino varying nitrogen fertilization : 

Expbriuent I 


N PER 

1000 PLANTS 

Moisture 

Area for 
100 GM. 
WET BASIS 

Chloro- 

phyll 

100 OM. 
WET BASIS 

Chloro- 

phyll 

100 OM. 

1 DRY BASIS 

Chloro- 

phyll 

100 SQ. CM. 


Ih. 

% 

sq. cm. 

mg. 

mg. 

tng. 


0 

80.67 

633.33 

6.4 

33.09 

1.02 


6.4 

82.61 

601.11 

30.3 

174.23 

1 

5.04 

lA- 

12.8 

1 

81.29 

530.73 

36.5 

194.91 

6.88 


1 19.2 1 

81.40 ; 

537.44 

40.0 

215.20 

7.44 


25.6 

80.69 

509.81 

58.0 

300.44 

11.38 


38.4 

81.60 

477.91 

64.0 

347.52 

j 13.40 


0 

81.22 

513.27 

9.4 

50.01 

1.84 


6.4 

81,35 

633.99 

31.3 

167.77 

4.94 


12.8 

81.34 

458.27 

33.5 

179.56 

7.30 


19.2 

81.07 

516.84 

32.0 

168,96 

6.20 


25.6 

80.41 

488.65 

49.1 

250.16 

10.02 

1 

38.4 

82.14 

488.98 ’ 

58.0 

324.80 

11.62 


deviation of 3.16 per cent, was obtained between actual planimeter read- 
ings and values obtained through the use of this formula. 

After discarding the basal 5 cm. of white tissue, the total wet weights 
of the three leaf samples were recorded. The leaves were then ground in a 
meat chopper and their total moisture determined. The total chlorophyll 
determinations were begun immediately after the samples were ground. 

Bbsclts 

The results of the determinations of the chlorophyll content of the 
samples from the four field experiments are found in tables III, TV, V, and 
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VI. Chlorophyll concentrations have again been calculated on both the wet 
and dry weight bases and also on the 100 sq. cm. wet basis. 

Figures 1 and 2 show the graphic relationship existing between the 
amount of nitrogen applied and the chlorophyll concentration of plants 
from the various plots in the four experiments. Chlorophyll values ob- 
tained on the wet weight basis were used in the construction of these curves. 


TABLE IV 

Chlorophyll content or pineapple plants receiving varying nitrogen fertilization : 

Experiment II 


N PER 

1000 PLANTS 

Moisture 

Area for 
100 GM. 

WET BASIS 

Chloro- 

phyll 

100 GM. 

WET BASIS 

Chloro- 

phyll 

100 GM. 

DRY BASIS 

Chloro- 

phyll 

100 SQ. CM. 

Ih. 

% 

sg. cm. 

mg. 

mg. 

mg. 


0 

83.57 

525.78 

26.57 

161.81 

5.06 


8.1 

84.71 

567.92 

31.10 

203.39 

5.48 


16.2 

82.94 

550.54 

37.50 

219.75 

6.82 

IIA* 








24.3 

i 82.49 

526.55 

43.97 

251.07 

8.36 


32.4 

82.50 

496.81 

41.13 

234.85 

8.28 


48.6 

81.77 

515.38 

49.04 

269.23 

9.52 


0 

83.15 

606.25 

27.72 i 

164.38 

4.58 


8.1 

83.37 

543.02 

37.50 

225.38 

6.90 


16.2 

83.68 

481.59 

39.85 

244.28 

8.28 

IIB- 








24.3 

82.59 

534.03 

41.13 

236.09 

7.70 


32.4 

82.07 

534.70 

47.22 

263.49 

8.84 


48.6 

80.98 

499.65 

53.13 

279.46 

10.64 


Discussion 

Natural variation in concentration of chlorophyll in leaves from a single 
plot is appreciable, as shown in table II. On the weight basis, the standard 
deviation of a determination was ±: 5.22 with a coefficient of variability of 
8.51 per cent. This coefficient of variability was the lowest of the three 
that were obtained on the different bases. Obviously, variations in mois- 
ture contents and discrepancies between weights and areas contributed to 
the higher values obtained on the dry weight basis and on the area basis. 

Dividing the standard deviation of ±: 5.22 by \/3, a value of ±: 3.01 is 
obtained. This is the standard error of a determination using a composite 
sample of three leaves, one each from separate plants within a plot. With 
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TABLE V 

Chlorophyll content of pineapple plants receiving varying nitrogen fertilization: 

Experiment III 


N PER 

1000 plants 

Moisture 

i 

Area for 
100 OM. 
WET basis 

Chloro- 

phyll 

300 GM. 

WET basis 

Chloro- 

phyll 

100 GM. 

BEY BASIS 

Chloro- 

phyll 

100 SQ. cm. 

lb , 1 

% 

sq . cm . 

mg . 

mg . 

mg . 


0 

83.57 

473.37 

10.62 

64.68 

2.24 


10 

82.90 

473.19 

22.14 

129.52 

4.68 

1 

20 

82.38 

442.00 

35.40 

201.07 

8.00 

IIIAi 








30 

82.5 i 

460.52 

37.50 

214.88 

8.14 


40 

81.69 

545.28 

45.55 

248.70 

8.36 


60 

80.54 

523.91 

45.55 

234.13 

8.70 


f 0 

1 

84.05 

449.22 

11.08 

69.47 

2.48 


10 

82.68 

501.37 

1 7.68 

102.01 

3.52 


20 

82.64 

476.20 

31.90 

183.74 

6.70 

1IIB< 








30 

82.56 

458.29 

34.45 

197.40 

7.52 


40 

81.77 

491.36 

37.50 

205.88 

7.64 


: 60 

81.33 

494.68 

59.85 

213.60 

8.06 


TABLE VI 

Chlorophyll content of pineapple plants receiving varying nitrogen fertilization: 

Experiment IV 


N PER 

1000 PLANTS 

Moisture 

Area for 
100 GM. 
WET BASIS 

(Chloro- 

phyll 

100 GM. 

WET BASIS 

CJhloro- 

phyll 

100 GM. 

DRY BASIS 

Chloro- 

phyll 

100 SQ. CM. 

lb . 

% 

' sq. cm . 

mg . 

mg . 

mg . 

0 

81.26 

578.66 

20.71 

110.59 

3.58 

5.7 

81.23 

633.49 

21.78 

116.09 

3.44 

26.8 

81.16 

558.79 

29.27 

155.42 

5.24 

37.2 

81.41 

582.48 

36.45 

196.10 

6,26 

42.9 

81.40 

562.17 

37.50 

201.75 

6.68 

48.6 

81,25 

544.82 

34.45 

183,62 

6.32 
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large differences in chlorophyll content for the various treatments, the sam- 
pling error becomes relatively small. 

Figures 1 and 2 show graphically the relationship existing between the 
increase in chlorophyll content and the increase in nitrogen fertilization. 
Increases were noted in all four experiments. In general, with every in- 
crease in the amount of nitrogen applied a corresponding increase in the 
chlorophyll concentration was noted. There were slight deviations from the 
rule, however. These exceptions were experiment IB with the 19,2 lb. per 
1000 plants application ; IIA with the 32.4 lb. application ; and IIB with 
the 24.3 lb. application. A decrease in the chlorophyll content of the plants 
of the plot fertilized with the highest amount of nitrogen occurs in experi- 
ment IIIA, and may possibly be due to a state of excessive nitrogen fertili- 
zation. 

The chlorophyll concentrations of the plants receiving no nitrogen in the 
four experiments varied considerably. Experiments I and III showed the 
lowest chlorophyll concentrations, while samples from experiment II con- 
tained the highest amount of chlorophyll of the four experiments. These 
different levels of chlorophyll concentration would seem to be correlated 
with the differences in nitrogen availability between the areas in which the 
experiments were located. However, analyses of soils from these plots for 
available nitrogen were not made. 

The greatest response, from the standpoint of chlorophyll increase, was 
recorded in experiment lA. The range, from the plot receiving no nitrogen 
to that receiving 38.4 lb. per 1000 plants, was from 33.09 to 347.52 mg. 
of chlorophyll per 100 gm. dry material. The increase was more than ten- 
fold. Field observations of the plots in this experiment indicated such a 
great increase to be possible. The plants in the plots receiving no nitrogen 
were decidedly chlorotic and underdeveloped, while those receiving the high 
nitrogen applications were large, dark green in color, and extremely 
healthy. Fruiting in the former case was also conspicuously retarded. 
Incidentally, samples from the plot with no nitrogen applied in this experi- 
ment gave the lowest chlorophyll concentrations of all four experiments. 

Experiment III also showed a good response to nitrogen fertilization. 
Although the maximum amount of nitrogen applied was greater than in 
experiment I, the total chlorophyll concentration was not so great. 

The least response to nitrogen fertilization was noted in experiments II 
and IV. The chlorophyll levels in the plots receiving no nitrogen were 
high in both experiments. In both cases the total chlorophyll concentra- 
tions of the plants from the plots receiving the highest amount of nitrogen 
were less than twice that of the plants from the plots receiving no nitrogen. 

The number of applications of nitrogen had little effect on chlorophyll 
content. Except for experiment II, the chlorophyll determinations of the 
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plants receiving the nitrogen in two applications (A) showed slightly 
higher chlorophyll concentrations. This was most probably due to the fact 
that the plants in these plots received their full quota of nitrogen sooner 
than the plants receiving it in four applications (B). Applying the nitro- 
gen at an earlier period allowed this difference in nitrogen availability 
between early and late applications to become a factor in chlorophyll forma- 
tion up to the time of the analysis. The small response in chlorophyll 
formation due to nitrogen fertilization in experiment II was probably the 
cause for this exception. 


Summary 

Leaf samples from four field experiments, fertilized with varying 
amounts of nitrogen, were analyzed for their total chlorophyll (a + 3) 
centrations. Variations in the total concentrations were noted between 
different experiments and between plots within the same experiment. With 
few exceptions, an increase in the amount of nitrogen applied resulted in a 
corresponding increase in the total chlorophyll concentration. This would 
indicate that, in pineapple plants, the amount of available nitrogen present 
determines to a large degree the amount of chlorophyll formed, provided 
the other requirements for chlorophyll formation, such as light, iron sup- 
ply, and magnesium, are present in sufficient quantities. 

Pineapple Ezpebiment Station 
University op Hawaii 
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A MECHANISM FOR CONTROLLED CONTINUOUS PLOW OF 
NUTRIENT SOLUTIONS^ 

F. P. Mehrlich 
(with five figures) 

Introduction 

The composition of a nutrient medium is constantly changed by the 
plants growing in it. Constant renewal of the nutrients is therefore im- 
perative if the plant condition is to be correlated with a known composition 
of medium. 

The apparatus for continuously renewing nutrient solutions described 
in this paper is a modification of Skive’s device.^ It is essentially a closed 
system, difficult for dirt to enter, and has a minimum of free surfaces from 
which evaporation may occur to concentrate the nutrients. While Skive’s 
apparatus has a capacity of 2 or 3 liters and requires daily refilling with 
consequent disturbing of the siphons, the present device holds at least 38 
liters and the reserve nutrient may be renewed repeatedly without upsetting 
the rate of flow. It is practically self starting, more compact and more 
rugged than other devices, and is suitable for use in exposed places and in 
the field. 

Since it is wholly separate from the plant contained, whatever container 
is preferable from other considerations may be used. The container may 
be moved about for examination or manipulation of the plant without inter- 
fering with the rate of nutrient delivery. This apparatus may be used with 
solution, sand, or soil cultures. 


Apparatus 

The apparatus is composed of six primary parts: (1) inverted reser- 
voirs; (2) constant-level reservoir; (3) tubulatures connecting the two 
types of reservoirs; (4) air-tubulature adjustment; (5) capillary siphons 
leading from the constant level reservoir to the plant containers; and (6) 
capillary-siphon adjustment. Figure 1 illustrates a single complete unit, 
showing the relationship of the larger parts. The tubulatures and tubula- 
ture adjustments are shown in figure 2. 

Inverted reservoirs. — The inverted reservoirs may be of any size or 
shape desirable for special needs ; five-gallon glass carboys are well suited 
for most purposes. Provision has been made for the use of two or more 
such reservoirs per unit of the apparatus described in this paper. Thus an 
Published with approval of the Director as Technical Paper no. 78 of the Pine- 
apple Experiment Station, University of Hawaii. 

8 Allison, R. V., and Shive, J. W. Amer. Jour. Hot. 10: 654-567. 1923. 

1«9 
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adequate reserve of nutrient solution may always be maintained without 
appreciably changing the level of the constant-level reservoir. Ordinarily 
only one carboy is used at a time. When it is nearly empty the second is 
filled and put into place. The adjustment to the carboys is set so that the 
first empties completely before the second one is drawn from. This feature, 



Fig. 1. Single unit of drip apparatus: A, inverted reservoir; B, constant-level 
reservoir; C, capillary-siphon rough adjustment; P, capillary-siphon fine adjustment; 
E, capillary-siphon; F, siphon shield; G, funnel. The front of the siphon shield and the 
funnel cover were removed prior to photographing. 

however, makes possible the refilling of the two carboys almost simultane- 
ously if special need requires it. Thus a week’s supply may be provided at 
one time. For certain purposes it may seem more desirable to use only one 
inverted reservoir, or to connect a number of them in trains as described 
under a separate heading. 
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The carboys and glass tubulatures are painted first black and then white, 
to inhibit the growth of algae and to minimize temperature fluctuations. 

Constant-level reservoir. — Tests have shown that the inverted reser- 
voirs (carboys) give out slightly increased quantities of solution as they be- 
come progressively empty. Using a small volume constant-level reservoir, 
such as a glass tumbler, fluctuations in level as great as 2 cm. may occur, 
upsetting the rate of flow to the plant containers. A large surface reservoir 
such as that pictured in figures 1 and 2 minimizes this fluctuation. Glass 
trays or graniteware pans 12 inches by 8i inches in size are recommended. 



Pig. 2. Constant-level reservoir and fittings: A, air channel between inverted reser- 
voir and constant-level reservoir; B, solution channel between the two types of reser- 
voirs; Cf air-tubulature adjustment; P, vent tube; E, capiHary-siphon ; F, capillary- 
siphon fine adjustment; o-c, various sections of air channel; f, final section of solution 
channel. 

Their use reduces the maximum fluctuation to 2 mm. A cover of li-inch 
pine wood or f-inch ply wood has been used successfully. A number of holes 
of suitable diameter to admit a no. 3 rubber stopper are cut in it to ac-^ 
commodate as many capillary siphons as are desired (fig. 2). At each end 
of the cover three holes are cut, one to accommodate a no. 3 rubber stopper 
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fitted with the tubulature for carrying solution from the inverted reservoir 
(fig. 2/), The other two holes are for the adjustment of the air inlet to 
the inverted reservoir (fig. 2e, C). Still another opening is cut in a cen- 
tral position to admit a no. 3 stopper carrying a small glass tube loosely 
plugged with glass wool (fig. 2D). This tube may be withdrawn for clean- 
ing the apparatus or to make possible a measurement of solution level in the 
reservoir. It also maintains the system at atmospheric pressure. 

After all holes are made, the cover is waterproofed with hot paraffin. 
The tubulatures are adjusted to tlie proper depth and the cover is bolted 
in position to the shelf supporting the pan. A seal of paraffin and beeswax 
is made between the periphery of the pan and its cover to preclude dirt. 

Tubulatures between the reservoirs. — The tubulatures illustrated in 
figure 2 serve two functions : they act as channels for air and solution to 
move between the reservoirs, but they also determine and maintain tlie 
solution level in the constant-level reservoir. 

Two parallel tubulatures having an inside diameter of not less than 5 
mm. are required: the air channel with white rubber tubing (fig. 2 A) and 
the solution channel with red rubber tubing (fig. 2 B). Each is divided 
into a number of sections to increase ease of manipulation while also main- 
taining immovable the section determining the solution level. The sections, 
proceeding from the inverted reservoir to the constant-level reservoir, are 
as follows: The no. 6 rubber stopper closing the inverted carboy is fitted 
with two pieces of glass tubing, 7 mm. outside diameter, the one protruding 
into the neck of the bottle 2.5 cm. and the other, a part of the air channel, 
ending at the inner surface of the stopper. Both tubes extend below the 
stopper about 2 cm. Permanently attached to these are pieces of rubber 
tubing approximately 5 cm. long (fig. 2 a). The vertical arm of a glass 
elbow, 7 mm. in diameter and 3 cm. long on each arm, is inserted into the 
free ends of each of the rubber tubings (fig. 2 6). Attaching permanently 
to the horizontal arm of the elbow on each channel is a length of rubber 
tubing 2 or 3 cm. long (fig. 2 c), coupled to which by a 3-cm. piece of glass 
tubing is another 8-10 cm. length of rubber tubing (fig. 2 d). This latter 
tubing attaches permanently to the final section of the channels. This final 
section of the air channel (fig. 2e), which must remain immovable, is of 
7-mm. glass tubing (outside diameter) and protrudes 3 cm. into the reser- 
voir. The end of it must be ground at an angle to prevent solution from 
hanging in it when air should enter.® The tubing terminating the solution 
channel enters through a no. 3 rubber stopper and protrudes approximately 
5 cm. into the reservoir (fig. 2/). It is immovably fixed, and the end of it 
need not be ground. The tubulatures from the left and right inverted 
reservoirs are the same. 

^ A suitable grinding medium is no. 70 carborundum lubricated at the time of using 
with turpentine or glycerin. 
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Air-tubulature adjustment. — screw adjustment is fixed for slightly 
raising or lowering the air intake, which in turn increases or decreases the 
level of solution in the constant-level reservoir as may be required for bring- 
ing several units of the apparatus to the same rate of flow. The same ad- 
justment is used to prevent the two carboys from emptying simultaneously. 
It is composed of a machine screw and pivoting clamp, as shown in 
figure 2 C. 

Capillary siphons. — Heavy walled (5 mm. outside diameter) capillary 
glass tubing having an inside diameter of 1 mm. is desirable for use as 
siphons to carry solution from the constant-level reservoir to the plant con- 
tainers. They may be of any length or shape for special purposes. For 
general use a siphon 8 inches long, bent as illustrated in figure 2 E, has 
served best. The arm extending into the reservoir is 3^ inches long; the 
free arm is 3 inches long. Siphons of larger bore make the precise adjust- 
ment of rate of flow more difficult. The drip from each siphon is caught in 
a glass funnel (fig. 1 G) through which it runs by a larger bore channel (5 
mm. inside diameter) to the plant container. 

Capillary-siphon adjustment. — The rate of flow of solution to the 
plant containers is regulated by raising or lowering the outlet of the capil- 
lary siphons. The mechanism for adjusting the inclination of these siphons 
consists of two units, one for rough adjustment (fig. 3) and the other for 



' Fkj. 3. Capillary-siphon rough adjustment: A, B, the two primary parts; a, side 
view of part B ; h, back view of part B. 

fine adjustment (fig. 2F), 

The rough adjustment consists of two parts as illustrated: (1) a length 
of heavy sheet metal bent as shown in figure 3 A, 14 inches long, 24 inches 
high, and If inches wide. Into it four horizontal slots inch x 14 inch 
are cut (if more than four capillary siphons are to be used, a proportional 
increase in the length of this piece and the number of slots should be made) ; 
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(2) a piece of right-angled iron or heavy sheet metal 2i inches wide (fig. 
3 5). The vertical and horizontal sides are also approximately 2^ inches. 
In the vertical face a ^ x IJ inch slot is cut. This face attaches by 
means of a machine screw to the metal piece just described. Thus both 
vertical and horizontal movement are possible. When the desired position is 
attained the screw is tightened and the adjustment remains permanently. 
In the horizontal face of the right angle piece is a inch hole through 
which the fine adjustment attaches by means of a machine screw, provided 
with a winged nut. All screws and nuts are galvanized to prevent rusting. 
This metal piece may be dispensed with for certain purposes, the angle-iron 
attaching them to the table directly. 

Trains op inverted reservoirs. — Trains of carboys may be set up for 
cultures in remote places where more frequent renewal of reserves is un- 



Fig. 4, Tubulatur© arrangement for connecting inverted carboys in trains; A, air 
channel from inverted reservoir 1 to constant-level reservoir; B, D, solution channels 
from inverted reservoirs 1 and 2 respectively to same constant-level reservoir; (7, air 
channel connecting inverted reservoirs 1 and 2. 

desirable. The connecting tubulatures shown in figure 4 make possible such 
an increase in the reserve nutriments without disturbing the advantages of 
the mechanism already described. The same type of connection may be 
made between the left and right inverted reservoirs as an alternative method 
to that just described. 

Control of algae in sand cultures. — ^For ordinary purposes the 
nutrient solution is led into the sand through a blackened glass tube. Clean 
white quartzite pebbles having a diameter of about i inch are spread 2 
inches deep over the top of the sand, preventing the growth of algae on the 
sand surface while at the same time cutting down evaporation. 
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Precision op apparatus 

Table I gives the rates of flow from the capillary siphons of two 4-siphon 
units for consecutive 24-hour periods, when the rate of flow from each 
siphon was arbitrarily set at 14 drops per 2 minutes. By manipulating the 

TABLE I 

BECOBO or DBIF BATE BOB OONSBOUTIVE 24-HOUB PERIODS, FBOM TWO UNITS, EACH SIPHON 
or WHICH IS SET TO DELIVEB 14 DROPS EACH 2 MINUTES* 



Unit A j 

Unit B 

Day 

1 

2 

3 

4 1 

1 

2 1 

3 1 

4 


Right side, carboys closed 

1 

mU 



810 

■■ 

MM 

870 

790 

2 


855 

885 


mm 



820 

3 

935 


935 


925 

935 


870 


Left side, carboys closed 

4 


930 

930 

940 

960 



950+ 

5 

969 

932 

932 

960 

978 

988 

969 

969 

6 

969 

951 

924 

969 

1006 


997 


Average delivery 

915.5 

901.3 

907.7 

914.8 

934.8 

938.0 

922.7 

900.8 


* As the carboys empty, increasing amounts of solution are delivered, but all units 
vary in the same direction. 

t Adjustment altered. 

adjustments slightly, the drips may be brought into even closer agreement. 

As noted in table I, the rate of nutrient delivery increases as the carbosrs 
empty, and as the flow changes from the left to the right carboy, but under 
similar conditions all units vary in the same direction and to the same 
degree; hence this variation should not enter as a disturbing element in 
large-scale experiments calling for several units. 

Changes of temperature cause fluctuations in flow, as shown in table II, 
but under the usual range of conditions their magnitude is slight. 

Table and plant containers 

A table to support the mechanism has been designed for use with pine- 
apple plants (fig. 1) . Several units may be combined as a single table to re- 
place the standard planthouse bench. Modifications may be made to adapt 
this apparatus for use with revolving tables or constant temperature devices. 

The position of the siphons is the important factor in controlling the 
rate of flow of the nutrient solution. The shield (%. 5) not only protects 
the siphons from movement or breakage by the plants, but covers the fun- 
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TABLE II 

Influence of temperature on ra.te of nutrient solution delivery shown by quan 

TITIES OF liquid DELIVERED IN 2-nOUR PERIODS BY CAPILLARY SIPHONS 
OF SINGLE DRIP UNIT 


1 

Time 

Average 


Quantity of flow 


TEMPERATURE* 

Drip 1 

Drip 2 

Drip 3 

Drip 4 


o 

rc. 

cc. 

ce . 

cc » 

8—10 A. M. 

27.8 

70.0 

71.0 

70.5 

71.5 

10-12 

30.0 

74.0 

75.5 

76.0 

77.0 

12- 2 P. M. 

30.7 

7C.0 

72.0 

72.5 

72.5 

2- 4 

29.3 

77.5 

80.0 

79.0 1 

79.5 

4- 6 

26.3 

71.0 

73.0 

73.0 

72.0 

6- 8 

24.8 

67.5 

69.0 

68.5 

68.0 

8-10 

23.7 

65.5 

67.0 

66.5 

66.0 

10-12 

23.2 

64.0 

65.0 

65.0 

65.0 

1^ 2 A. M. 

22.7 

61.0 

62.0 

62.0 

62.0 

2- 4 

22.7 

63.0 

64.0 

64.0 

64.0 

4- 6 

23.3 

64.0 

65.5 

65.0 

65.0 

1 

00 

24.5 

65.0 

66.5 

66.0 

66.0 

8-10 

27.0 

70.0 

71.5 

71.0 

71.0 

10-12 

28.5 

73.0 

75.0 i 

74.5 

74.5 


* Computed thermograph record readings made each 30 minutes. 



Fig. 5. Siphon shield for protecting capillary siphons from breakage. The funnels 
serving as semi-flexible couplings in solution channels are inclosed in the black compart- 
ment in lower, forward portion of shield. Cover A to the shield and cover B to the fun- 
nel compartment were moved out of place before photographing. 
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nels as well, limiting evaporation and the growth of algae. The funnel 
cover is an opaque compartment painted black on the inside, situated in the 
lower forward part of the siphon shield as shown in figure 5. The capillary 
siphons enter the funnels through suitable openings in the top of the funnel 
cover. Glass wool is used to close the space remaining between each siphon 
and its opening. The funnels (figs. 1 G, 5) serve as a coupling in the solu- 
tion channel from the capillary siphons to the plant containers, allowing 
enough movement of the channel to prevent breakage. 

Where danger of breakage is not a factor, the shield may be omitted 
and the siphons increased in length to connect directly with the plant 
container. 

Summary 

1. With care, an adjustment of siphons can be made so that variation 
in amount of solution delivered by a series of units does not exceed 50 cc. 
per liter ; that is, 5 per cent. In view of the low concentrations of nutrient 
solutions this amount is so small a variation in the actual amount of any 
one element or compound delivered as to seem inconsequential. 

2. More than one rate of drip may be served from a single constant- 
level reservoir, since rate of flow is determined by the inclination of indi- 
vidual capillary siphons. 

3. Rate of flow of nutrients may be altered according to the require- 
ments of the growing plant, without seriously interfering with the study in 
progress. The siphon easily can be adjusted to deliver more or less 
nutrient, and the new rate of flow can be measured for a short interval 
without disturbing the cultured plants. 

PlNEtfPLE ExPEIUMENT STATION 
Univebsity op Hawaii 




GROWTH MODIFICATIONS IN CITRUS SEEDLINGS GROWN 
FROM X-RAYED SEED 

C. P. Haskins and C. N. Mookk 
(with seven riGxmEs) 

A summaiy is made iu the present paper of certain morphological varia- 
tions observed in seedlings of the citrus fruits arising from seed exposed to 
x-rays before planting. The work has been undertaken in the course of a 
series of investigations on the biological effects of x-rays and cathode rays, 
and although as yet no eytological examination of the material has been 
made, it was considered worth while to assemble descriptions of certain 
morphological effects at the present time, in view of the paucity of x-ray 
work reported with the citrus fruits, especially at higher voltages and cur- 
rents. Certain of the variants considered have already been described,^ but 
have been included here in order to complete the series. 

Seeds of lemon, lime, tangerine, grapefruit, and sweet and sour orange 
were obtained through the kindness of Dr. R. G. LaRtje, Superintendent of 
Cultivation of the University of California Agricultural Experiment Sta- 
tion, and Dr. A. F. Camp, Head of the Department of Horticulture of the 
University of Florida. They were dried previous to shipment. A portion 
of the seed was x-rayed in the condition in which it was received. The 
remainder, before treatment, was soaked in distilled water for 15 minutes, 
then left in a completely moisture-saturated atmosphere for 12 hours. The 
seeds were then dried on filter paper and exposed at once. Treated seeds 
were planted immediately in seed flats, a mixture of one-third peat moss and 
two-thirds sharp sand being used, the seeds being covered in most cases with 
pure sharp sand. The seeds were germinated in an electrically heated green- 
house, day temperatures being maintained constant at 75° F. and night 
temperatures at 55° F. during the early growth of the plants. At a later 
time a large number of apparently normal seedlings were transferred to the 
open nursery, being planted in a sandy loam soil. Most of the more conspic- 
uous variants were maintained in the greenhouse for a full year, however, 
being transferred to benches containing a mixture of sand, clay, and manure 
at the age of a few months. After this change they were not disturbed until 
the close of the experiment. 

A Coolidge water-cooled tungsten-target tube of the thick-walled type 
was used as the source of x-rays, operated at 200 k.v.p. and 30 ma. from a 

I Science, Aug. 5, 1932. 

Science, Feb. 15, 1933. 

Bot. Gkus. 94; 801-807. 1933. 
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high-tension transformer equipped with Snook mechanical rectifier. The 
seeds were exposed on a lead-covered table at a focal distance of 50 cm. 
Under these conditions the incident energy input, as measured with a 
graphite-covered collodion wall, radium-compensated Pailla ionization 
chamber, was 165 roentgens per minute. The shortest wave length theo- 
retically obtainable at this voltage is 0.062 A. as calculated from the quan- 



Fig. 1. Grapefruit seedling flowering prematurely after x-ray treatment of seed 
from which it came. Dosage 300 r. 

turn relation Ve = hvmax^ No metal filter was used, but the glass of the wall 
interposed a filtering action equivalent to about 0.10 mm. of copper. At 
0.70 A. the intensity of the emergent radiation was only about 0.3 per cent, 
of that impinging on the inner wall, as calculated from Compton's 1926 
value for the mass absorption coefficient of copper,* and this may be con- 
* Compton, A. H. X-rays and electrons. 
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sidered the cutoff point. Substantially all of the radiation incident was 
included between these points, the greatest intensity lying within the 
K»-Kb doublet region for tungsten, between 0.21 and 0.18A. 

Several very curious effects were observed among the seedlings, which 
may be summarized here. 


Premature flowering 

Premature flowering is not infrequently observed in citrus seed beds, 
particularly in cases in which the acidity of the soil has not been properly 



Fio. 2 . Premature flowering of a chlorophyll deficient grapefruit seedling. Dosage 
1300 r. in seed stage. 


regulated. In the present case, however, the habit was pushed to an ex- 
treme which proved very interesting, especially in view of the fact that the 
hydrogen ion concentration of the seed beds was maintained within limits 
which, in the opinion of the citrus growers, should discourage early flowering. 

Among one group of grapefruit seedlings arimng from Meds which had 
been given x-ray dosages of from 300 to 1300 roent^fens in both the wet and 
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dry states tinder the conditions described, two came into flower within six 
weeks of the time of sprouting. The flowers matured rather slowly, but, 
although diminutive, they proved to be normal in form. The plants, as 
shown, still carried the first pair of leaves intact, as is usual with citrus 
seedlings of this age. The plant shown in figure 1 was normal in leaf and 
flower coloration, and the leaves were nearly normal in form although 
somewhat elongate and diminutive. The other seedling (fig. 2) was ex- 
tremely deficient in chlorophyll and the flower was imperfectly pigmented, 
being of a yellowish white color similar to the leaves. The stamens, how- 
ever, were golden. The green plant received a dosage of 300 roentgens and 
the white one a dosage of 1300 under the same conditions. 



Fig. 3. Albinism of citrus seedlings following oc-ray treatment in the seed stage. 

The plant deficient in chlorophyll died very shortly, as was to be ex- 
pected. The normally pigmented seedling, although deficient in roots, sur- 
vived and grew slowly, and, when one year of age, again showed a flower 
bud on new growth, although it did not come to maturity. 

At the age of nine months, 10 per cent, of this entire planting came into 
blossom almost simultaneously, the flowers in this case being of normal petal 
number and almost of normal size. Some of the flowering seedlings were of 
normal stature for their age, while others were distinctly dwarfed. 

Albinism 

Albinism, like premature flowering, is a character not infrequently ap- 
parent among citrus seedlings, especially in highly hybridized strains. In 
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the present case, however, an abnormally high percentage of seedlings 
showed this deficiency. It ranged from a condition best described as vires- 
cent, in which by no means all green pigment was lacking, through partial 
deficiencies in which a deep green was mottled irregularly throughout the 
leaf on a white background (fig. 3), to the complete whiteness character- 
iidng one of the flowering types mentioned in the last section, and very 
many plants otherwise normal in appearance. Although albino plants were 
not absent from control plantings (as they very rarely are), the percentage 
of deficiencies in treated groups was manyfold higher. 

Fasciation 

Numerous cases of terminal and lateral bud fasciation were observed, 
the most pronounced of which is illustrated in figure 4, right. This speci- 



Fio. 4. Bud fasciation in Citrus auranii/um following x-ray treatment of seeds. 
Control at left. 

men of Citrus aurantium, when photographed, was but little over an inch 
in height. Control specimens, as is usual with this species, grew vigorously, 
and had attained a height of 10 inches when the photograph was taken. 
Clearly the primordia only of the later true leaves were affected, since the 
plant appeared normal in the first few weeks of life. Curiously the later 
leaves, although diminutive, were of nearly normal form. 

Twisting 

Two young seedlings from the time of sprouting showed a decided ten- 
dency to spiral in a counter-clockwise direction. Both plants twisted so 
markedly as to bend the stem from the vertical and to crush the leaves 
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against the stem (fig. 5, extreme right). After six months the habit was 
abandoned and later growth was normal. Both plants showed some evi- 
dence of tissue inversion and other characteristic x-ray injury during early 



Fig. 5. Spiral twisting of stems of citrus seedlings following x-ray treatment of 
seeds. Control at left. 

life. It is possible that the condition was brought about by x-ray induced 
abnormal mitoses. 

Duplication 

Very many instances were noted in which the midribs of leaves were 
split near the base, both halves being nearly equally robust. In a number 



Fio. 6. Leaf modifications in citrus seedlings following x-ray treatment in the seed 
stage. See also fig. 5, center. 
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of cases, especially with the grapefruit, the entire leaflet was duplicated, the 
resulting two terminals usually being of nearly the same dimensions (flg. 5, 
center, and flg. 7). In lemon stock similar developments gave rise to par- 
tially bifoliate, bifoliate, partially trifoliate, and truly trifoliate leaves, 
often coexisting on the same plant (fig. 6). 



Fio. 7. Grapefruit seedling with modified leaf, and accessory cup-like leaf. X-ray 
treatment given in seed stage. 


Peloric leaf formation 

An interesting development of a cup-shaped type of peloric leaf oc- 
curred in two grapefruit seedlings from x-rayed seeds, in each case the 
leaves proceeding laterally from the stem at a point some distance below 
the terminal bud. The formation was new in the experience of the writers 
and in that of a citrus horticulturist who examined it. The peloric leaves 
persisted for more than a year, the plants bearing them being otherwise 
normal. 

Work is being continued in the field, and through the kindness of Mr. W. 
J. Flatten, of Sebastian, Florida, grafts of several of there variants have 
been made on to rough lemon stock, with a view to checking any poreible 
modifications in fruit. 

Bbbeakch Iabobatobt, Gbnbsai, Elxctkio Oompant 
SCBXKBOTADT, NKW YOBK 






CAROTENE AND XANTHOPHYLL IN PINEAPPLES^ 

O. C, Maoistad 

The color of the flesh of the fruit in pineapples varies from white or 
colorless to a deep yellow. The commercial varieties in the Territory of 
Hawaii, the Cayenne and Hilo, are both intermediate in shade. Within 
these varieties depth of color varies greatly from place to place, and even 
from fruit to fruit within a single field. The present investigation was 
undertaken to determine the nature of the pigments in the fruit of pine- 
apples and to measure the quantity of pigment present. 

Experimentation 

Using the chemical methods of separation based on solubilities, as given 
by WiLLSTATTER and Stoll (10), Schebtz (7, 8, 9), and Palmer (6), it 
was found that carotenes and xanthophyll were present in pineapple flesh 
together with anthocyanins, flavones, and traces of chlorophyll. The yellow 
colored shell of pineapple fruits was found to be relatively rich in carotenes 
and flavones, while the green leaves contained in addition to chlorophyll 
even larger concentrations of flavones, carotenes, and xanthophylls than 
were found in the fruit flesh. 

Methods. — The finely chopped fresh material was extracted with acetone 
and the pigments present were transferred and concentrated in ether. 
Flavones were removed by washing with a 1 per cent, aqueous solution of 
sodium carbonate. Chlorophyll was saponified and separated from the 
carotenes and xanthophylls. The ether was evaporated off at temperatures 
below 40° C., and the carotenes and xanthophylls were separated in the 
usual manner on the basis of solubilities in methyl alcohol and petroleum 
ether. 

Small violet red crystals formed on pouring a petroleum ether solution 
of carotene into methyl alcohol. Crystals also formed on evaporation of 
carbon bisulphide solutions of carotene. These appeared under the micro- 
scope to be identical with those described by Willstattbr and Stoll (10, 
plate III). Carotene isolated from pineapple tissue gave a blue coloration 
with the antimony trichloride reagent of Carr and Price (2, 3). 

The amount of chlorophyll present was estimated by comparison against 
a synthetic solution as advocated by Guthrie ( 4 ). 

The quantity of carotene present was determined by colorimetric com- 
parison with standard yellow Lovibond slides as described by Schbrtz (7). 
When compared with solutions of potassium bichromate as advocated by 

1 Published with the approval of the Director as Technical Paper no. 73 of the Pine- 
apple Experiment Station, University of HawaiL This paper was presented at the 
Boston meeting of the American Society of Plant Physiologists, December 2^ 1933. 
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Palmer (6), fair agreement was obtained. A weighed quantity of pure 
carotene obtained from the Smaco Corporation when dissolved in petroleum 
ether gave readings checking well with the curves of Schertz and of 
Palmer, and with the solution of carotene isolated from pineapples. 

Xanthophylls were determined by colorimetric comparison against 
standard yellow Lovibond slides as advocated by Schertz (8). 

Amounts op pigments present 

A medium sized pineapple plant with a ripe fruit was analyzed for the 
pigments chlorophyll, carotene, and xanthophyll. The results obtained are 
shown in table I. 

TABLE I 

Pigment content or a pineapple plant 


Plant part 

Fresh 

weight 

Chlorophyll 

1 Carotene 

Xanthophyll 

Per 

100 GM. 

Total 

Per 
100 GM. 

Total 

Per 
100 GM* 

Total 


gm. 

mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

Lower leaves 



691.68 

3.75 

39.60 

2.05 

21.65 

Middle leaves 

1598 



1.85 

29.56 

1.43 

22.85 

Upper leaves 



485.76 

2.38 

24.09 

0.71 

7.19 

Shoots 

1162 

36.25 

421.23 

2.38 

27.66 

1.17 

13.60 

Crown ... . 

145 

26.58 

38.54 

1.05 

1.52 

1.20 

1.74 

Fruit stalk 

151 

3.95 

5.96 

0.28 

0.42 

0.27 

0.41 

Stem .... 

1215 

1.45 

17.62 

0.06 

0.73 

0.06 

0.73 

Flesh . . .. 

1786 

Trace 


0.15 

2.68 

0.03 

0.54 

Core .. 

214 



0.20 

0.43 

0.04 

0.08 

Shell 

930 

i < 


0.33 

3.07 

0.33 

3.07 

Total 

9269 


2470.18 


129.76 


71.86 


A study of this table shows first that the chlorophyll content of the 
relatively thick leaves of pineapple plants is lower than for thin leaves of 
common trees and plants. Thus, Willstatter and Stoll ( 10 , page 102) 
give values up to 300 mg. chlorophyll per 100 gm. green tissue for some 
plants. Again most plants contain more xanthophyll than carotene in their 
leaves, but in table I the pineapple plant is shown to have more carotene 
than xanthophyll throughout all its parts. The absolute quantity of 
carotene and xanthophyll present is small in comparison with most plants 
( 10 , page 102). Of special interest is the relatively low content of xantho- 
phyll in the fruit flesh. 

Carotenoid pigment content op a number op varieties 
AND hybrids op PINEAPPLE FRUITS 

A study was made to determine the quantity of carotene and xantho- 
phyll present in the fruit flesh of various pineapple varieties. The fruits 
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were all grown in the Territory, those other than Cayenne and Hilo being 
grown by the Genetics Department at the substation at Wahiawa. The 
results are listed in table II. 


TABLE II 

CaBOTENE and XANTHOPHYIjL contents or FECIT FLESH or DIFFERENT PINEAPPLE 

VARIETIES 


Vakiety 

Number 

Pee 100 

OM. FLESH 

Both 

Ratio 

C/X 

OP FRUITS 

Carotene 

Xanthophyll 

Cayenne 


mg. 

mg. 



Lot 1 

13 



0.13 ±0.004 


Lot 2 


0.22 ± 0.011 

0.026 ± 0.005 

0.25 ±0.012 

8.5 

Lot 3 

2 

0.15 

0.011 

0.16 

13.6 

Lot 4 

12 

0.18 ± 0.014 

0.015 ± 0.002 

0.20 ±0.014 

12.0 

Hilo 

24 



! 0.15 ±0.008 


7906 

10 



0.50 ±0.03 


Natal 

10 



0.45 ±0.03 


Ruby 

10 



0.41 ±0.04 


Queen 

5 



0.38 ±0.03 


7898 

3 



0.38 


8053 

10 



0.26 ±0.02 


4552 

11 



0.17 ±0.012 


8680 

11 



0.044 ± .0006 


Bermuda 

10 



0.031 ± 0.005 


8232 . 

5 



0.01 



The first part of the table gives the variation in pigment content of four 
lots of Ca 5 ’enne. In these lots the carotene plus xanthophyll content varied 
from 0.13 to 0.25 mg. per 100 gm. of fruit flesh. Not infrequently fruits 
will contain even less than 0.13 mg. pigment per 100 gm. flesh. The data 
in the latter part of table II were obtained by estimating carotene and 
xanthophyll together, without separation. 

A comparison of Cayenne with the other varieties indicates that some 
contain far more, and others much less pigment. Thus 7966, Natal, Ruby, 
Queen, and 7898 contain about twice as much pigment as does Smooth 
Cayenne; while some varieties and hybrids, such as 8680, Bermuda, and 
8232 are almost devoid of pigment and appear very white-fleshed. 

The range in carotenoid pigment content of pineapple fruits of various 
varieties is strikingly similar to the range observed by Bills and McDonam) 
in the carotene content of ten carrot varieties (1). They found Elarly 
Scarlet Horn to contain 9.6 mg. of carotene per 100 gm., while Isbell’s 
Maude S on the other end of the series contained only ,0.12 mg. carotene per 
100 gm. Thus the most colorless carrot contains about as much pigment 
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as does Cayenne pineapple, while some carrot varieties contain about 40 to 
60 times as much. 

Permanence of carotene and xanthophyll in canned pineapple 
During 1933, three lots of pineapple packed as indicated in table III 
were opened and their pigment content determined. The results appear 
in the table. 


TABLE III 

Carotene and xanthophyll content or stored canned pineapples 


Lot 

Number OF 

Per 100 gm. flesh 

Ratio C/X 

SAMPLES 

Carotene 

; Xanthophyll 

1927 Pack, tins 

10 

wg . 

0.088 ± 0.007 

i mg . 

0.011 ± 0.001 

8.4 

1927 Pack, glass 

10 

0.121 ± 0.004 

0.017 ± 0.002 

7.1 

1932 Pack, tins . . . 

18 

0.097 ± 0.004 

; 0.015 ± 0.006 

! 

6.5 


No record is available of the pigment content of the pineapple fruits 
represented in table III at the time of canning. However, since the 
amounts present are about equal to the amount found in fresh pineapples, 
it can tentatively be concluded that there is no marked loss of carotene and 
xanthophyll during storage. The 1927 pack in tins and in glass was a 
homogeneous lot at the time of packing and should have had the same pig- 
ment content at that time. The greater quantity found in the glass packed 
material on examination in 1933 suggests that there is less decomposition 
of pigment when packed in glass as compared w^ith tin. 

Discussion 

The yellow color of pineapple flesh is due to the presence of carotene 
and xanthophyll. These pigments are soluble in the fat solvents within 
the chromoplasts. Carotene predominates over xanthophyll. No attempt 
has been made to determine which carotenes were present nor the propor- 
tion of each. 

. A number of recent investigations have proved carotene to be a pre- 
cursor of vitamin A. The 3 carotene is markedly superior to a and y caro- 
tene. As a source of vitamin A, pineapples in this respect (2, 6) rank far 
behind such vegetables as lettuce, spinach, and carrots. 

Summary 

Pineapple fruits owe their yellow color to carotene and xanthophyll, 
carotene predominating. The quantity of carotene present ranges from 
about 0.10 to 0.25 mg. per 100 gm. flesh. 
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The writer wishes to express appreciation to Dr. M. B. Linford for aid 
in this study, and to Dr. J. L. Collins for samples of the hybrids. 

Pineapple Exfebiuent Station 
XJnivebsitt or Hawau 
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LIGHT AS A FACTOR INFLUENCING THE DORMANCY 
OF LETTUCE SEBDS» 

Lettuce seeds of the highest vitality may fail to germinate when tested 
in a closed chamber germinator. Seed analysts have observed that germina- 
tion may be induced in many of these dormant lettuce seeds by presoaking 
them in cold water for 2 hours. However, such increase in germination is 
due not to the soaking in water but to the action of light on the wet seeds.* 

Recent investigations by the writer show that it is even unnecessary to 
soak the seeds in cold water since the dormant condition can be broken 
merely by placing the seeds in an atmosphere saturated with water vapor 
and giving a longer exposure to light. Lettuce seeds of the Grand Rapids 
variety which were placed in a humid atmosphere and exposed to light for 
10 hours and then placed on moist blotters at 20° C. in the dark germinated 
98 per cent. A duplicate test which had received the same treatment but 
which was not exposed to light germinated only 8 per cent. The period of 
exposure to light can be shortened to 2 minutes or perhaps less by allowing 
the seeds to take up moisture from the air before exposing them to light. 
This germination response is of importance because it shows that water in 
the form of a film surrounding the seed is not essential to the breaking of 
the dormant condition by light. 

Whether or not lettuce seeds in which the dormant condition has been 
broken by exposure to light will remain non-dormant when dried depends 
upon the physiological condition of the seed, the period of exposure to light, 
the temperature, and the manner in which the drying process is conducted. 
Lettuce seeds of the Big Boston variety which were placed in a humid 
atmosphere and exposed to light for a period of 24 hours at 23° C. and, 
without drying, placed on moist blotters at 20° C. in the dark, germinated 
98 per cent. A similar lot of seeds which had received the same treatment 
but which was dried in the dark germinated 35 per cent. The failure of 
lettuce seeds to retain the non-dormant state when dried appears to be a 
characteristic response of lettuce seeds which require a temperature of 
22° C. or lower for germination. It has been determined that if the seeds 
are set over water, exp(»ed to light for 6 hours, and then placed in a re- 
frigerator at a temperature of 6° C. for 10 days, they can then be dried and 
still retain the non-dormant state. Furthermore, it has been observed that 

I Approved bj the Direetor of the New York State Agricultural Experiment Station 
for publication as Journal Paper no. 47. 

* Shuck, A. L. Some factors influencing the germination of lettuce seed in seed 
laboratory practice. New York State Agr. Exp. Sta. Tech. Bull. no. 222. 1934. 
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exposure to light at the time of drying may have a marked influence on the 
percentage of dormant seeds. Moist Grand Bapids lettuce seeds which 
were exposed to light for 24 hours and then dried at room temperature in 
the dark germinated 92 per cent, at 20° C. A similar lot of seeds whidi 
were dried at the same temperature but in the light germinated only 5 per 
cent. The degree of dormancy originally existing in the seed appears to be 
the most important factor determining the necessary length of exposure to 
light and the germination response of the seed when dried. 

The shorter wave lengths of the visible spectrum are more effective than 
daylight in producing a dormant condition in both presoaked and humidi- 
fled lettuce seeds when they are again dried in the presence of light. Grand 
Bapids lettuce seeds were placed over water, exposed to light for 24 hours, 
and then dried in the light, in the dark, and under plates of spectral glass. 
The seeds were dried for 24 hours and then placed to germinate on moist 
blotters at 20° 0. in the dark (table I). 

TABLE I 

Influence or lioht and dstino on the eetsntion or the non-dobhant state in 
Gband Bapids lettuce seeds 


Test 

NO. 

ChegkSi 
OEBHINA- 
TION IN 
DARKNESS 

Percentage or seeds germinating at 20^ C. in dark when 

DRIED UNDER THE FOLLOWING LIGHT RELATIONS 


Under spectral glass | 

j 

In 

dark- 

ness 

Yellow 

Ureen 

Blub 


% 

% 

% 

% 

% 

% 

1 

15 

32 

21 

75 

16 

89 

2 

6 

15 

24 

59 

17 

64 

3 

11 

7 

17 

67 

! S 

90 

4 

13 

5 

10 

79 

12 

92 

5 

15 

30 

34 

67 

17 

95 

6 

30 

18 

16 

79 

15 

98 


In one of the representative tests the seeds dried in the dark germinated 
89 per cent., while those dried in the light germinated 32 per cent. Similar 
lots which were dried while exposed to the individual colors of the spectrum 
germinated as follows : violet 12 per cent., indigo 5 per cent., blue 16 per 
cent, green 75 per cent., yellow 21 per cent., orange 24 per cent., and red 
15 per emit. 

If the dormant state has been broken to such an extent that the seeds 
remain non-dormant when dried in the dark, then only a small percentage 
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of the seeds revert into dormancy when dried while exposed to the green 
rays, whereas if they are dried while exposed to either the red or the blue 
rays, a high percentage of the seeds become dormant. The violet, indigo, 
and blue rays are more effective in producing dormancy than the longer red 
rays since a semi-stable condition can frequently be produced in non-light- 
sensitive seeds by drying the moist seeds while exposed to the shorter wave 
lengths of light. The main factor influencing the germination response of 
seeds when dried while exposed to the different colors of the spectrum ap- 
pears to be the degree to which dormancy has been broken, which state in 
turn is influenced by the temperature and the period of exposure to light. 
In order to duplicate these results it is suggested that the moist lettuce seeds 
be given an exposure to light for a period of 24 to 48 hours, since an ex- 
posure for only a few hours may not be sufficient to break the stable condi- 
tion in the embryo while a prolonged storage over water will cause an 
increase of dormancy and finally deterioration of the seeds. 

The influence of light on the germination of lettuce seeds has been 
studied by Flint,* who has found that the longer wave lengths of the visible 
spectrum promote germination while the shorter wave lengths are not only 
ineffective in promoting germination but may inhibit it. Since the red rays 
are effective in breaking the dormant condition and promoting germination 
while the blue rays cause the formation of a semi-stable condition, it ap- 
pears that there may be an intermediate region of the spectrum which has 
no appreciable influence on certain physiological processes in the embryo 
associated with the dormant state. That there is a region of the spectrum 
between the blue and the red rays which has less influence on the embryo 
than the rays on either side is suggested by the germination response of let- 
tuce seeds after they are dried while exposed to the green rays. These ob- 
servations have been made upon Grand Bapids lettuce seeds which usually 
exist in a dormant condition which makes them particularly sensitive to 
light. A corresponding semi-stable condition may or may not be present to 
such an extent in other varieties of lettuce seeds, and this fact must be taken 
into consideration when studying the response of different lots of seeds to 
light. 

Lettuce seeds are continually changing organisms which show different 
degrees of dormancy depending on the age or physiological condition of the 
seeds. The seeds often exist in a dormant condition in which certain of the 
life processes necessary for germination appear to be in a state of delicate 
equilibrium. This condition can be broken by exposing the moist seeds to 
light. A similar unstable condition can be formed again by drying the 
seeds in daylight or by exposing them to the shorter wave lengths of the 

• X’Lonr, L. H. Idght in relation to dormancy and germination in lettuce seed. 
Science 80: 88-40. 1934. 



196 


PLANT PHYSIOLOGY 


spectrum. These transformations can be made in the light and without the 
presence of water in the form of a film surrounding the seed. It appears 
that under these conditions light does not facilitate the passage of any sub- 
stance from the seed but causes certain unknown photochemical changes 
within the seed. — A. L. Shuck, New York State Agricultural Experiment 
Station. 


A CASE OF CHANGE OP TROPIC RESPONSE 
(with one figure) 

During a recent trip into the northern woods of Minnesota the peculiar 
formation seen in the accompanying illustration (fig. 1) was encountered. 
This specimen of the black spruce was found near the shore of Lake Hole- 
in-the-wall, a small lake which is located about six or seven miles southeast 
of 'Marcel. The two lateral branches had each made a three-quarter turn 
and then grew almost directly upward. The upper portions of these two 
branches if seen alone would appear much like the top of the main axis of 
the'tree^ with laterals extending outward and somewhat drooping. 

Since the lateral branches of the black spruce normally grow nearly at 
right angles to the vertical main axis and perpendicular to the force of 
gravity, they may be said to exhibit plagiotropic response. No attempt, 
however, was made to determine the specific influence or influences respon- 
sible for this position. After making the turn the branches apparently be- 
came definitely negatively geotropic like the main trunk. 

The writer is not certain as to the cause of this abnormal formation but 
thinks that it might have been caused by the mistletoe, Arceuthobium pusiU 
lum, which is known to attack the black spruce in Minnesota and produces 
abnormal development. At the time of the visit to this region he was un- 
aware of the occurrence of this mistletoe and failed to look for its presence 
on this individual tree which was the only one seen which seemed to be ab- 
normal. These two branches, however, are thickened at the curvature and 
resemble mistletoe injury as reported by colleagues who are familiar with 
its pathogenic symptoms. 

Aside from the peculiar unique formation, is the fact that these branches 
are seemingly unaffected in their subsequent growth and have later re- 
sponded to growth forces in such a manner as to resemble the main axis of 
the tree, illustrating quite definitely a change of tropic response. Just 
what forces were brought into play to cause the branches to grow in such a 
way as to form the circle it is difficult to say. The parasite must have stim- 
ulated growth on the upper and outer sides of the curve and then, after the 
growing tip had passed the half circle mark, left the elongating portion un- 
affected. After that, the end of the branch completed the turn until it 
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Fig. 1. Abnormal branches of the black spruce (Picea mariana) which have 
changed their direction of growth to resemble the vertical main trunk of the tree. 

became upright and thereafter continued to grow vertically. One would 
think that the branch, once it had reached the half circle mark, would have 
continued growing horizontally, for at this point it seems no longer affected 
by the parasite. This horizontal position would have been its normal orien- 
tation. Why it responded to gravity or other forces in a manner different 
from that of normal branches after making the half turn is problematical, 
but it seems quite certain that there had occurred a change of tropic re- 
sponse after the elongating tip portion of the branch had passed the half 
turn resulting in the later vertical growth. — W. J. Himmel, University of 
Nebraska. 




NOTES 


Pittsburgh Meeting. — The eleventh annual meeting of the American 
Society of Plant Physiologists was held at Pittsburgh, December 27-29, 
1934, in conjunction with the meetings of the A. A. A. S. The scientific 
programs were held in the Cathedral of Learning, University of Pittsburgh. 
There were four sessions for reading of papers, and joint meetings with the 
Horticulturists, Section G, A. A. A. S., and a joint symposium on plant hor- 
mones with the Physiological Section of the Botanical Society of America. 

Business meetings were held by the Executive Committee on call by the 
President, and matters already in shape for action were attended to in the 
regular business meetings. The reports showed that the last year has been 
one of real progress. Membership is again increasing, and the finances are 
in sound condition. 

The annual dinner was held at the University Club on December 27, 
with more than 100 in attendance. The dinner was made the occasion for 
election of corresponding members, announcement of awards, and a memo- 
rial address on Dr. Earl Bitter von Goebel which was prepared by Prof. 
Francis B. Llotd, McGill University. In the enforced absence of the 
author of the memorial address, it was read by Dr. F. M. Andrews, Indiana 
University. This address will be published in Plant Physiology in a later 
issue. At the close of the festivities, President Livingston was tendered a 
memorial of affection and appreciation by graduates of Johns Hopkins Uni- 
versity in honor of his completion of 25 years of service to plant physiology 
at Johns Hopkins. Those who were present will treasure the memory of 
these unforgettable events. 

Summer Meeting. — A summer meeting at Minneapolis and St. Paul 
late in June is in prospect. The arrangements will be made by the Minne- 
sota Section, and members will be informed more fully in the April number 
of Plant Physiology as to the exact time of the meeting, hotel accommo- 
dations, extent of the program, and social events if any. The summer 
meeting of the A. A. A. S. is scheduled for Minneapolis, and this circum- 
stance provides an opportunity for a meeting with our oldest Section. 
Previous experience has demonstrated that our Minnesota members and 
friends are past masters in the arts of entertainment and oi^anization of 
meetings. In extending a cordial invitation to all of the members of the 
Society to come to Minnesota, they hope that visitors may come not only 
from the middle west, but also from more distant regions. 

Corresponding Members. — The second election of corresponding mem- 
bers of the American Society of Plant Physiologists occurred at Pittsburgh. 

109 
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Two distinguished plant physiologists were honored : Dr. Gottlieb Hab£r< 
LANDT of the University of Berlin, and Dr. V. N. Lubimenko of the Botani- 
cal Garden of the Russian Academy of Sciences at Leningrad. Both of 
these men have enjoyed long and active careers in plant physiology, and 
have made notable contributions to the advancement of our knowledge of 
plants and their behavior. The Society has honored itself in honoring 
them. 

Life Membership. — The tenth award of the Charles Reid Barnes life 
membership in the Society was made to Professor Frederick Frost Black- 
man, Fellow of St. Johns College, University of Cambridge, and for many 
years Reader in Botany at Cambridge. He has been a Fellow of the Royal 
Society of London for nearly thirty years, and has been the guiding spirit 
of the physiological work at Cambridge for several decades. This is the 
first time that the award has been made to a scientist residing outside of 
North America. No happier choice could have been made at this time. 

Stephen Hales Award. — The fourth award of the Stephen Hales prize 
was made to Dr. Charles A. Shull of the University of Chicago. This 
prize was established at the Nashville meeting in 1927, and the previous 
prizemen are Dr. D. R. Hoagland, University of California; Dr. W. W. 
Garner, U. S. Department of Agriculture ; and Dr. H. B. Vickery, Con- 
necticut Agricultural Experiment Station. These men constituted the com- 
mittee on the award for 1934. In the absence of the chairman of the com- 
mittee, the citation was read by Dr. Charles F. Hottes, University of Illi- 
nois, and the certificate of award was presented by the President, Dr. 
Burton E. Livingston. 

Program Committee. — The program committee for the St. Louis meet- 
ing in December, 1935, has been appointed. The personnel of the com- 
mittee as announced by President Livingston is as follows; Dr. E. S. 
Reynolds, Missouri Botanic Garden, chairman ; Dr. H. R. Kraybill, Pur- 
due University; Dr. S. Y. Eaton, University of Chicago. The secretary- 
treasurer, Dr. A. E. Murneek, University of Missouri, is ex officio member 
of the committee. 

Editorial Board. — ^At the end of our first decade, the constitution and 
by-laws of the Society are being carefully examined by the executive com- 
mittee for possible improvements. Many changes are likely to be proposed. 
One of the most important changes will affect the size and constitution of 
the editorial committee for the official journal. Plant Physiology. Pro- 
vision will be made for appointment of some of the members of the editorial 
staff by the executive committee, and for election of some members by the 
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Society. The editorial staff will be enlarged possibly to eight members, five 
appointive and three elective for definite terms, so that more fields, such as 
horticulture, forestry, etc., can be represented on the board. Constitu- 
tional changes will wait on approval of the changes by ballot of the mem- 
bers ; but by-law changes are put into effect on unanimous approval by the 
executive committee. 

Cost of Reprints. — ^Arrangements are being made for a redaction in the 
price of reprints. In order to effect any saving to our members it will be 
necessary to have full cooperation of authors of papers. The prompt exe- 
cution of ordera at the time galley proofs are returned to the editorial ofSce 
is a part of the plan. Blanks giving the prices charged according to length 
of the reprint will be attached to the galleys, and blanks are included for 
ordering reprints and for shipping directions. As in the past, 50 free re- 
prints without covers will be added to the orders; but in case the author 
orders no reprints no gratis reprints are to be sent. Authors should keep 
these provisions in mind in making up orders. 

Endowments. — Three of tlie endowment funds of the American Society 
of Plant Physiologists are in excellent condition. The general endowment 
is very much too small. The Society is in position to accept and administer 
gifts and bequests in accordance with the wishes of the donor upon the ap- 
proval of acceptance of gifts for special purposes by the executive com- 
mittee. An approved form for bequests will be sent to any one interested 
in making bequests to the Society. Cash gifts to the general endowment 
are welcome at any time, and will be put to work at once upon receipt. 
Occasional gifts have been made to the endowment during the last several 
years, and it is hoped that more friends may assist in the development of 
the Society in this practical way. 

Portraits. — ^With the appearance of the April number of Plant Phtsi- 
OLOQV, two additional portraits will be added to the collection of prints 
available for distribution. The full set of 20 reprints of portraits may be 
had for $2.00 plus postage and insurance. 

Water Relations Reprints Wanted. — A new edition of “The plant in 
relation to water” by N. A. Maximow is in preparation. The author of 
this work would appreciate it very much if he might receive reprints of 
important contributions on this subject from all American investigators 
who have worked in this field. The international character of scientific 
knowledge midces such cooperation very desirable. Those who wish to assist 
him should address Professor N. A. Maximow, Institute of Grain Farming, 
Postal Agency 20, Saratov, U.S.S.R. 
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Statistical Methods. — The fifth edition of B. A. Fisher’s Statistical 
Methods for Besearch Workers has been published by Oliver and Boyd, 
Tweeddale Court, Edinburgh, or 33 Paternoster Bow, London E.C. The 
changes are again insignificant. Section 5 is now a historical note; section 
49.1 on analysis of covariance has been enlarged; section 21.01 considers 
Yates’s correction for continuity; and 21.02 gives the exact treatment of 
2x2 tables. It is a useful work for those who are obliged to master and 
use statistical methods in research. Most investigators would find it ad- 
visable to be familiar with the practical usefulness of statistics in testing 
their results. The price of the volume is the same as for the earlier edi- 
tions, 15 shillings net. 

Excretion and Secretion. — ^Volume 32 of the Monographien aus der 
Gesamtgebiet der Physiologie der Pflanzen und der Tiere is entitled Die 
Stoffausscheidung der hoheren Pflanzen. The author is Dr. A. Feey- 
Wysslinq of the Federal Technical Highschool, Zurich. The introduction 
sets forth the scope of the work, and defines the various forms of elimina- 
tion of materials from the plant body. Section I considers the deposition 
of cell walls, the substances laid down in them, and the structures that ap- 
pear, such as the micellae, intermicellar spaces, and intermicellar deposits ; 
the physiology of the cell walls is summarized in the latter part of this sec- 
tion. Section II deals with “recretion,” the removal of inorganic elements 
that have been taken in from the soil, function for a time in the plant, and 
are then deposited in crystalline or other insoluble form. Calcium salts 
and silicon dioxide deposits are the two main “recretions.” Section III 
deals with excretion proper, and section IV with secretion. A brief sum- 
mary closes the text. There is a bibliography of about ten pages, a subject 
index, and 128 figures. It is a useful summary of the last stages of metabo- 
lism in plants. The book may be obtained from the publisher, Julius 
Springer, Berlin, at EM 28 for brochure copies, and EM 29.4 for cloth 
bound. 
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KARL RITTER VON GOEBEL 
Francis E. Lloyd 
(with plates I AND II ) 

It is now jiust two years since Karl von Goebel passed into the beyond, 
and it is peculiarly fitting that this Society — The American Society of 
Plant Physiologists — should select him for especial remembrance at this 
time.^ While avowedly a plant morphologist, he was in very deed as much 
a physiologist directing his efforts at the elucidation of plant form. But 
more than a botanist, he was a man of extraordinary personality. We 
honor him today for his influence on our science and thought. 

Born in 1855 in Billingheim, Baden, his early youth was overshadowed 
by illness and the circumstances following the death of his father in 1860. 
Following his destiny fixed upon by a pious mother, he was educated for 
tlie ^linistry, but when he was doing his duty as a theological student at 
Tubingen, he took advantage of the presence of Hofmeister to pursue the 
study of Botany. His predilection grew out of his earlier love qf nature 
awakened in him by his environment, especially the Schwabian Alp, which 
‘‘won all his love’^ and first aroused in him an appreciation of nature. It 
is easy to imagine the influence which Hofmeister had on* the young 
Goebel, but it led to the grave difficulty of disappointment for his mother ; 
and it was only after three years that the die was cast. In 1876, 
Hofmeister becoming ill, Goebel went highly recommended to deBary 
in Strassburg and a year later was promoted to the doctorate. Some 
months were then spent at the Zoological Station at Naples, after which 
followed his military obligation in Wuertzburg, -whither he was drawn by 
the presence there of Sachs. What a sequence of scientific fathers: 
Hofmeister, deBary, Sachs ! Developmental morphology, anatomy, physi- 
ology under the masters ! And their seed fell on good soil. Goebel may 
be said with much truth to have come in the fulness of time — ^the great 
1 Annual Meeting, Pittsburgh, December, 1934, 
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foundation of the science had been laid and it was his privilege to build 
on that foundation. So well did he work that he became assured of rapid 
success. In 1881 he became First Assistant at Leipzig, in the same year 
he was called to Strassburg as Professor Extraordinarius, then to the like 
status at Rostock with the understanding that he should very soon be made 
Ordinarius. *‘Here,’^ Goebel writes, found nothing but an herbarium; 
no garden, no institute. Salary 2,400 M. The appropriation available 
250 M. a year. My 82-year-old predecessor remarked to me, ‘My dear 
Goebelsohen, I have always sent this amount to my daughter. I suppose 
it will do little harm if we continue to do so ? ^ It cost me much effort to 
bring into being a modest institute and a small garden, but 1 learnt much 
from the experience.” 

In the winter of 1885-6 after getting these matters started, Fritz 
Oltmanns was called to be Goebel assistant and locum tenens during 
his first foreign journey to India, Ceylon, and Java. Next year he was 
called to both Leipzig and Marburg. Choosing Marburg and liking it well, 
he planned to end his days there. There he undertook the editorship of 
Flora, which furnished a daily stint of work for the rest of his long life, 
for the task passed from his hands only with his death. A second journey, 
this time to South America, yielded much adventure and his descriptions 
of the Venezuelan paramos in the Schilderungen, 

But his dream of living out his life in Marburg was not to be. In 1891 
he went to Munchen where botany had been for a time in a state of lassi- 
tude. And it was here that, beginning with his thirty-sixth year, he 
carried out his great life-work. It was here that we outside of his Father- 
land knew him best. Some of us can recall the meager and poorly equipped 
Institute near the center of the city within a stone’s throw of the HaupU 
iahnhof: Giesenhagen in a little room off the main laboratory crowded 
with students, Goebel in his own laboratory, not much larger than 
Giesenhagen ^s, and a little lean-to glasshouse. A small but richly planted 
garden furnished an apparently endless supply of material. Goebel’s 
plans for an adequate glasshouse had been frustrated by a congeries of 
circumstances but with the happier final result that Nymphenburg was 
chosen by Goebel as the site for the Institute and Garden and, with the 
support of his friend the King, these were brought to fruition and consti- 
tute a material memorial to him and his life-work. The Garden was de- 
signed to serve not only science but the people. Every day during the 
growing season sees troops of school children wandering here and there, 
orderly and under guidance one may be sure, satisfying their rampant 
curiosity for which there is endless material, the Biologische Abteilung 
and the glasshouses being the chief attractions. For the public in general, 
an extensive formal garden with a lily pool gives delight. To Goebel this 
Garden was his realm, and to his students it was and is the source of a 
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wealth of material of biological significance. The extensive range of glass- 
houses have collections which in their relative importance and arrangement 
bear the stamp of the master’s thought. He was particularly proud of the 
treefern house — and a beautiful thing it is, — ^but scarcely less of the trop- 
ical and larger central house. I have the impression that a photograph 
here reproduced (plate I) taken of him standing on the rough steps of the 
central rock-mass in this house among his beloved plants, was the one he 
liked best; but this is only an impression. Plate II shows him seated in 
his library. 

The new Institute was not altogether to his liking. Always impatient 
of showiness, the of the entrance hall frankly bored him. A 

place for work — this was his object, and here from 1913 on he worked with 
the same relentless striving that marked his earlier period. 

But the material monument is of less importance than that of the mind. 
Over 200 publications record his observations and thought. This merely 
quantitative statement is, however, inadequate. Most of his publications 
were fairly lengthy, a number of them lengthy, and some massive. The 
Organography alone has the stature of an encyclopedia, but without its 
perfunctory character, ft is a mine of information illuminated by a bril- 
liant light of thought. So all-embracing are the contents that, wherever 
it may end, all future morphology must take account of, if not begin with, 
the Organography. 

All this was the product of an almost fanatically restless mind, restless 
above all in the ac(|uisition of facts from the study of living plants. It 
was hunger for materials which took him on long and trying journeys into 
the tropics, into New Zealand, Australia and fSouth America, whence he 
brought back extensive collections of material. Of his thorough work in 
the field I am personally aware, since he turned over to me in most generous 
fashion the whole of his Vtricularm collections which contained materials 
in fluid of no less than about forty species. Keen as was his interest in 
this genus, it was scarcely less so in many others which he must have col- 
lected with equal zest, llis last lengthy journey, to Java and Sumatra, 
was undertaken when approaching 70 years of age and while on shipboard 
he received a shower of congratulatory telegrams. Shortly after, a 
Festschrift containing contributions of his students and friends did much, 
I imagine, to heal the wounds of the sad period of the world war. 

Though made Emeritus in 1931, he had to carry on for yet another 
year at the age of 77 when his successor. Professor Fritz von Wettstein, 
took over. It was characteristic of him that his penultimate lecture ended 
the course ; he thus avoided the demonstration which would inevitably have 
occurred. Even after retirement, as had been his habit through the years 
past, he made each day a tour of the glasshouses, did his editorial work 
and carried on investigation, and was beginning, even at that age, a study 
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of the placenta, which started when he cut in two a Catalpa fruit with his 
penknife and asked me what the huge placenta meant biologically. 

To speak briefly of Goebel’s work is difficult and a general character- 
ization must here suffice. As everyone knows, it covered an extraordinarily 
wide range of observation on an array of materials which was made avail- 
able only by his own explorations in most parts of the world. He thus 
became aware of the exceeding variety of plant form. But he was not 
content merely to observe in the restricted sense; he felt the urge to ex- 
plain form in physiological terms, how it comes about and to what end. To 
this purpose he was constantly experimenting, to be sure in the simplest 
sort of way: ^‘For an experiment one needs a plant, a flower-pot with 
earth and a question,” the ‘^question” implying brains! 

Though he was little given to speculation, his wide and intimate knowl- 
edge of plant form led him to a modification of the Darwinian selection 
theory. He was convinced that the variety of plant form was much 
greater than the variety of the conditions under which they grow, and saw 
in these various products many structures which could not be regarded as 
directly adaptive, but rather indifferent, being neither harmful nor useful. 
They can arise or disappear without being subject to selection, or they 
can group themselves and combine to produce members which may enable 
the plant to become adapted to quite other conditions than the primary 
ones, and the principle here implied was one of his chief guides in reflecting 
on the form relations of the plant. 

It is also to his merit that be broke away entirely from the formal 
morphology of which Goethe was the chief exponent. It was this freedom 
from prejudice which enabled him, e.g,, to lead us to an understanding of 
that most curious and puzzling group, the Lentibulariaceae, particularly 
Utricularia, acute observation and close reasoning being exemplified in 
rare manner in his discussion of the evidence available. It was a mark of 
his reasoning that he insisted on the distinction of objectivities and names. 
” First of all let it be understood that in nature there are neither leaves’ 
nor ‘lateral members.’ Both ideas are but abstractions of our minds, not 
just the expression of the facts of observation.” Unless we see this as 
truth, “morphology stiffens into a dead schematism,” that is, “if we do 
not regard the plant to be what it is in reality, a living body whose func- 
tions are carried out in the closest possible relations to the outside world.” 
Thus morphology became a physiology; “Morphology is that which we do 
not yet understand physiologically.” 

As indicated, his methods of work were of the simplest, and he 
could be pretty caustic when, for example, one used a microtome when 
a hand-section would do the work as well or better. I heard him re- 
mark in the earlier days of microtome sectioning that anyone who could 
cut microtome sections regarded himself as a botanist. To be sure, 
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there was a microtome in his laboratory: ‘'Das ist ganz schon^ aber auch 
dieses muss mit Sinn angewandt werden ; eine blosse Hobeltechnik geniigt 
nicht zu morphologischen Schliissen.'^ 

He always insisted on an adequate historic treatment of a subject and 
he was thoroughly impatient of work done in ignorance of what had gone 
before. His waste basket was the richer. But he was still more impa- 
tient of inaccurate observation. One might differ from him in a matter of 
explanation, but if one fouled his anchor chain of observation his criticism 
was a flaming sword. 

“Dazu sei nochmals bemerkt, dass es sich nicht um eine Theorie, 
sondern um Tat sack en handelt, fiir deren Richtigkeit ich gerne auch 
weiterhin die Verantwortung iibernehme und von denen sich jeder iiber- 
zeugen kann, der eine etwas schwierige entwieklungsgeschichtliche Unter- 
suchung auszufiihren versteht.*' 

But let it not be thought that he was an overbearing man. On the 
contrary, he had a placid manner and was kindness itself in his daily 
relations. His personality was of a rare kind; he walked the earth with 
a god-like serenity, and indeed his stature, massive head and level eye 
started a tradition among the natives of Java with whom he came in con- 
tact, so that later travellers heard that a god had been there before them. 
His beard may have been a factor in establishing the tradition, but yet 
we confess to a sympathetic appreciation of the feeling that in Goebel we 
saw something ubermenscklich. 

While he walked and talked with kings of the earth, he remained quite 
unspoiled. When his King made him a knight and his students next 
morning hailed him with an unusual amount of academic applause, he 
remarked with his peculiar dry humor, that although he had been made a 
knight he would still come to his lectures afoot. Of course, it could not be 
otherwise, for his was a simple if extremely intelligent mind. Honors 
recorded elsewhere were poured in on him but, while appreciating them, 
he was not puffed up. 

Generous, he gave of his time and material to whomsoever he found 
worthy. If he was found in error he was readily willing to admit it with- 
out abatement of his kindness. A brilliant lecturer, given to a rich dry 
humor, he depended none the less on the things which he discussed, and 
the students’ desks were always loaded with fresh materials for observa- 
tion while he spoke of them. His lecture room often looked like a horti- 
cultural show. 

The favorable season during the summer semester permitted excursions 
and these usually to the nearby Tyrol, when he was the most genial com- 
panion. Even then he had an ailing heart, so that he climbed slowly; 
otherwise his long legs had set a hard pace for some of us. I recall on a 
beautiful sunny day, on the swelling bosom of one of the high hills sur- 
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rounding Innsbruck, finding Botrychium lunaria, I think it was, searching 
with him for an hour for the prothallia without success but with much 
enlightening talk in which Bruchmann was not forgotten. Such excur- 
sions, usually for two days, spending the night at a country inn, were a 
full experience for a young botanist of the western world. Goebel was 
the center of interest about which the international group of students 
played: it was always ^^der Geheimrai,^^ 

And it was while on an excursion to his beloved Schwabische Alb, 
whither he ever returned, that he fell and received a severe injury from 
which, had his heart not failed him, he would have recovered. He died on 
October 9th, 1932, at the ripe age of seventy-eight years, after being only 
a few months out of harness but still active as President of the Bavarian 
Academy of Sciences. I cannot but think that his latter years were made 
happier for him when, during the last International Botanical Congress at 
Cambridge in the company of Professor L. Jost, after visiting Stephen 
Hale’s rooms in Trinity, we visited the Chapel and there looked in silence 
at the, memorial to the German students of Cambridge who had died fight- 
ing for their country. 

His only visit to North America was on the occasion of the International 
Congress of Arts and Sciences, September, 1904, held under the able 
guidance of Professor Hugh Munsterbubg, and it was then that we had 
contact with Goebel on our own soil. That occasion was made memorable 
by his presentaton of his paper ‘‘The present-day problems of plant mor- 
phology,” from which brief quotations have been made above. It should 
be realized that this was a sort of confession of faith, and for its com- 
prehensive values it should be read by every aspiring botanist no matter 
in which direction his inclinations lie. It is a masterpiece of clear reason- 
ing. At such a gathering of notable scientific men from all parts of the 
world, memorabilia inevitably emerged; it is appropriate to mention one 
to this audience in particular. It was the occasion of an informal dinner 
fittingly enough held in the “Tyrolean Village,” even if a synthetic one, at 
which were seated von Schrenck, John M. Coulter, Hugo deVries, F. 
0. Bower, Charles B. Davenport, W. G. Farlow, William Trelease, and 
our pwn guardian spirit, Charles R. Barnes. The modest Goebel was 
the dominant figure there. 

May his memory as a man live in our hearts and his teachings in our 
minds. Forsan et haec olim meminisse juvahit. 

Note: — ^In preparing the above memorial I have had the benefit of the 
notices by Professor Fritz von Wettstein, Prof. F. O. Bower and Pro- 
fessor G. Karsten. 

McGilIi University 
Montreal, Canada 



PROOF OF THE PRINCIPLE OP SUMMATION OP CELL E.M.P.’S 

H. F. Bobene 
(with five pmubes) 

The distribution of electric polarity in the unstimulated, uninjured 
root was first demonstrated by Lund and Kenyon (6) in the roots of 
Allium cepa, Eichhornia crassipes, and Narcissus. Observations of the 
electric polarity of a number of other roots have been made by the writer 
and will be presented in detail in a separate paper. A distinctive feature 
of the electric polarity common to all the roots so far examined is the occur- 
rence of a characteristic distribution of E.M.F, per unit length of root. 

During the measurements of E.M.F. in the roots of different plants, it 
was observed that when a drop of water was placed around a region of the 
root between and not at the electrode contacts, the magnitude of total 
E.M.F. was altered. The water appeared to act as a shunt, changing the 
IR drop of the length of root over which the potential difference was being 
measured. This observation, and the fact that water is a necessary part 
of the environment in which roots can grow, led to the present study which 
was undertaken to determine the magnitude and direction of change in 
electric polarity produced by “liquid shunts’’ around the root. 

Since more is known about the electric phenomena of the onion root 
{A. cepa) than about any other, it was selected as the experimental mate- 
rial. Observations made by Lund and Kenyon (6), Marsh (8), and the 
writer on hundreds of different roots show that the electric polarity of the 
onion root changes from time to time. The root may manifest a stable 
potential difference for hours and then a steady increase or decrease in 
E.M.F. may appear, or it may exhibit rhythmic fluctuations of E.M.F. 
It has sometimes been observed that if, at a certain time of day, the roots 
of one bulb from a group of onions which were set at the same time exhibit 
rhythmic changes in electric polarity, the roots of most of the bulbs in this 
set will also manifest rhythm ; at another time the roots of all the bulbs will 
exhibit a stable potential difference. From these facts it is obvious that 
in any analysis of the bioelectric potentials of the root tip the following must 
be taken into consideration: (a) the form of the curve of distribution of 
E.M.F. per unit length of root tip at a particular instant; (b) the variation 
of the characteristic form of the curve of distribution from instant to in- 
stant; (c) slow drifts of increase or decrease in potential difference between 
any two points which may occur.; (d) occasional rhythmic fluctuations in 
E.M.F. which may vary in duration and magnitude from time to time. The 
changes mentioned in (b), (c), and (d) occur when all known external 
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conditions are maintained constant. They are therefore conditioned by 
changes within the root itself. Hence in any experiment in which B.M.F. 
is modified by external conditions, it is necessary to distinguish between 
the spontaneous changes which are determined by causes of internal origin 
and the changes produced by altering the external conditions. 

In order to determine whether the observed change in total E.M.F. of 
the root tip produced by surrounding a given region between the electrode 
contacts with tap water is uniquely characteristic of the system of main- 
tained bioelectric potentials which is a distinguishing feature of electrically 
polar tissues, experiments were also made on the injury potential of nerve. 
It is a familiar fact that a potential difference between the cut end and the 
longitudinal surface of a nerve or muscle may be established and main- 
tained for some time under suitable experimental conditions. It is also 
a familiar fact that the injury potential varies vrith the concentration of 
ions at the electrode contacts ; but the writer knows of no work which shows 
that this E.M.F. may be modified by placing a conducting medium around 
an uninjured region between and not at the contacts, as will be sliown to 
be the fact in the root. 

Apparatus and method 

The apparatus adapted for use in this investigation has been described 
in a previous paper (13). To surround a given region of the root witli 
liquid, a glass cup (diagram M in figure 1) was used, which consisted of a 
piece of glass tubing, 5 mm. in outside diameter, with a small cover slip 
cemented on one end to form the bottom of the cup and a capillary tube 
cemented to a hole at one side at the base, to serve as a delivery tube. The 
cup was admitted into the moist electrode chamber through the opening if, 
shown in figure 2 of Rosene and Lund^s paper (13) . By means of a micro- 
manipulator, the shunt cup (as it will be called) could be raised into 
position around the root which penetrated through a small hole in the 
cover glass that formed the bottom of the cup, or the holder with the bulb 
could be lowered by a different micromanipulator and the root passed 
through the cup. The liquid was admitted into and withdrawn from the 
shunt cup through the capillary tube which was connected to a reservoir. 
The water flow was controlled by the reservoir stopcock and by raising or 
lowering the rack and pinion stand supporting the reservoir. The appa- 
ratus permitted delicate control of all the manipulations and environ- 
mental conditions of the root. 

The roots were grown in tap water. Those which were selected varied 
from 50 to 80 mm. in length. All of the roots but one were removed from 
the onion bulb just before it was placed in the electrode chamber. The 
experiments were run at room temperature and measurements of electric 
potential were made by a Compton electrometer. 
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The general procedure was as follows : The root was placed in the elec- 
trode chamber and contacts were made by using the micromanipulators to 
move the glass claw projections of the electrode cups into position around 
the root (see fig. 4, 2A and 2B, Rosene and LuNn 13) . The preparation was 
allowed to rest for a short period and the distribution of potential was then 
determined by moving the positive electrode (to quadrants) at the tip 
toward the negative electrode (grounded) near the base, in steps of 1 or 2 
mm., making a reading at each step. The positive electrode was then 
moved away from the root while the empty shunt cup was placed in posi- 
tion (as in diagram M, fig. 1). A horizontal microscope with ocular 
micrometer was used to determine the position of the contacts on the root 
and to make the measurements of length. With the shunt cup in position, 
observations of the electric behavior of the root under constant external 
conditions were made for a short period and then liquid (tap water or 
parafSn oil) was run into the shunt cup from the reservoir. The height 
of the liquid in the cup was determined by the horizontal microscope. With 
careful manipulation, no leakage of liquid from the cup occurred and 
mechanical stimulation was reduced to an insignificant minimum. The 
length of the period during which the liquid was retained in the cup sur- 
rounding the root was varied in different experiments, and sometimes in a 
single experiment. Throughout each experiment readings were made at 
IS-second or 1-minute intervals. 

Experiments and results 
Procedube 1 

Alternate addition and removal op water from shunt cup 

Figure 1, B, is the curve of distribution of potential along a root tip 
which does not exhibit a negative potential in the region 5-10 mm. from 
the tip. The diagram of the root below curve B is drawn to the same 
scale as the abscissa and shows the exact position of the shunt cup, 8.C., 
also drawn to scale, as well as the position of the electrodes which are indi- 
cated by arrows. In this experiment a shunt cup 2 mm. in height was 
employed. It surrounded that region of the root which exhibits the highest 
electropositivity. Curve A shows that each time the segment of the root 
surrounded by the cup was filled with water, an immediate and abrupt 
drop in B.M.F. occurred; and each time the water was withdrawn the 
B.M.F. of the root was abruptly increased. The magnitude of increase 
of E.M.F. did not quite equal the magnitude of decrease. This was evi- 
dently due to a film of water which remained on the root and acted as a 
partial shimt when the water was withdrawn from the cup. 
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Fig. 1. Effect of liquid shunt around a segment of the root between the electrode 
contacts on the observed E.M.F. of the root. B and D are the curves of distribution 
of E.M.F. of two different roots obtaine4 by moving in 2 mm. steps, the positive electrode 
from the tip toward the negative electrode wliich was stationary at 14 mm. from the tip. 
Abscissa gives the position of the positive electrode in mm. from the tip. The diagram 
below each curve, drawn to the same scale, shows the exact position of the shunt cup 
(S.C.) and electrode contacts (designated by arrows) during each experiment. Curves 
A and C show changes in E.M.F, when tap water is alternately added to and removed 
from the shunt cups in B and I) respectively. Heavy portions on base lines A and C 
indicate duration of period when cup is full of water; intervals between when it is 
empty. Inset M, below curve B, shows shunt cup in position around the root. See text 
for description. 

The height of the larger cup, which was used in the next experiment, 
was 11 mm. Its exact position on the root is shown in the diagram below 
curve D, which gives the distribution of potential of that root. The shunt 
cup (8.C.) covered most of the region between the electrode contacts. As 
indicated by curve C, as soon as water rose upward from the bottom of the 
shunt cup, there was a sharp decrease in B.M.F. and the electric polarity 
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of the root was suddenly inverted. During the period when the jacket 
was filled with water, the E.M.F. increased and normal orientation of the 
electiric polarity was restored ; but the potential difference was maintained 
at a low level. Removal of water produced a sharp rise in potential which 
reached a new high level. The potential difference continued to increase 
during the period that the cup was empty. Repeating the procedure pro- 
duced a similar change in the magnitude of E.M.F., but the electric 
polarity of the root was not inverted. Similar slow fluctuations of E.M.F. 
occurred when the shunt cup was filled with water and when it was empty. 
The abrupt changes in E.M.F. produced by the addition and removal of 
water from the jacket are readily distinguished from the rhythmic fluctua- 
tions of E.M.F., which are associated with changes in the internal processes 
of the root, by the fact that the abrupt changes in the first case produce 
an immediate rise in the curve and in the latter case a definite slope is 
evident. A comparison of curves A and C shows that a greater magnitude 
of change in E.M.F. ^^as produced in the second experiment. This is 
explained by the difference in the length of the ‘^liquid shunt in the two 
instances, which corresponds to the difference in the height of the water 
column of the different cups, and also in part by the fact that the total 
E.M.F. of the root region (14 mm. long) between the electrode contacts 
was greater in C. 

Procedure 2 

Addition and removal op water from the shunt cup 
IN STEPS AT definite INTERVALS 

When the distribution of E.M.F. was a single unidirectional gradient 
of fall of potential along the root, as indicated by figure 2, curve B, and 
water was added to the shunt cup at definite intervals, thus increasing the 
height of the water column around the root in steps, the E.M.F. of the root 
was correspondingly altered in steps. This fact is illustrated by curve A, 
figure 2. Each arrow which points downward indicates that the height 
of the water column in the cup was raised 1.5 mm., and each arrow which 
points upward indicates that the height of the water column was lowered 
1.5 mm. The positions of electrode contacts and the shunt cup on the 
root are illustrated by the root diagram B' below the curves of distribution, 
figure 2. As shown by curve A, the E.M.F. was diminished each time the 
water level in the cup was raised by adding more water and it was increased 
each time the water level of the cup was lowered by withdrawing water. 
In other words, as the length of the liquid shunt was increased or decreased, 
the E.M.F. was correspondingly increased and decreased. After the cup 
had been filled with watei*, the observed electric polarity of the root re- 



214 


PLANT PHYSIOLOGY 




Fig. 2. (a) Effect on E.M.F. of root when the liquid shunt is increased and 

decreased by increments^ at successive intervals, and (5) absence of effect when paraffin 
oil is added to and removed from shunt cup. The curves are from three different experi- 
ments on three different roots. Arrows pointing downward in curve A show when height 
of water column in shunt cup was increased by 1.5 mm. increments; arrows pointing 
upward, when it was decreased in a corresponding manner. Arrows pointing down- 
ward in curve C show when height of oil column in shunt cup was increased in steps of 
1 mm., arrows pointing upward, when it was correspondingly decreased. Shaded inter- 
vals on base line in E indicate when shunt cup was filled with paraffin oil; intervals 
between, when it was empty. B, D, F are curves of distribution of electric potential for 
each root and correspond to A, C, and E respectively. Diagrams of the roots B% 
below the curves of distribution, show exact respective positions of shunt cup and 
electrode contacts (arrows) in each experiment. 
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mained at a relatively lower level; and after the cup had been drained it 
remained at a higher level. The curves which are represented by %ures 

1, C, and 2, A, were obtained under conditions in which the height of 
the water column in the full cup was the same in each case, and the length 
of the region of the root over which the B.M.P. was measured was also 
the same. 

Procedure 3 

Addition and removal op parappin oil prom the shunt cup 

In order to determine whether the observed change in B.M.F. of the root 
produced by adding tap water to the shunt cup could also be produced by 
adding a non-conducting liquid, paraffin oil was substituted for water.* 
Figure 2, C, shows the results obtained when procedure 2 was followed. 
The arrows pointing downward indicate the time at which the level of 
paraffin oil in the cup (which was empty at the beginning of the experi- 
ment) was raised in steps of 1 mm. The arrows pointing upward indicate 
the times at which the oil was removed in a corresponding manner. The 
curve illustrates the fact that the root exhibited rhythmic fluctuations in 
E.M.F. but did not show the striking change in B.M,F. which was produced 
when water was added and removed from the cup around the root pnder 
similar conditions, as shown by curve A, figure 2. The corresponding 
curve of distribution of electric potential for this root is given by figure 

2, D, and the position of the jacket by diagram D', below the curve. 

Figure 2, B, was obtained when the shunt cup was at alternate intervals 
filled and drained with paraffin oil. Throughout the experiment, the root 
manifested a distinct rhythm in electric behavior, but it shows no quick 
change as a result of adding and withdrawing oil from the cup. This is 
clearly evident when the curve is compared to curve C in figure 1, which 
was obtained by a similar experimental procedure using water instead of 
oil. The perpendicular changes in curve C, figure 1, which express the 
alteration of B.M.F. when water was added to or removed from the cup, are 
entirely absent in curve B, figure 2, when tap water is replaced by the non- 
conducting oil. 

Procedure 4 

Addition and removal op water prom the shunt cup when 

POSITION OP CUP AROUND THE BOOT IS CHANGED 

Figure 3, B, shows the distribution of potential over 25 mm. of a root 
tip which exhibits two regions with opposed electric polarities. Figure 8, 
A, shows the curve obtained when the cup was placed, in turn, in two dif- 

^ The paraffin oil was non-toxic^ since, when the roots were replaced in water, they 
grew in a normal manner. 
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ferent positions corresponding to the regions of opposed polarities and was 
alternately filled and drained at intervals while in each position. The first 
part (below the bracket (a) of curve A, figure 3) was obtained when the 
cup was near the apical contact, as illustrated in the upper root diagram 
B' below the curves of distribution, and the second part of the curve (below 
the bracket b ) was obtained when the jacket was in a position near the basal 



Fig. 3. Effect of placing a liquid shunt on different regions of opixised electric 
polarities. Curves B and D show distribution of potential in two different roots. Upper 
root (diagram B') below the distribution curves shows exact positions of electrode con- 
tacts (arrows) and two successive positions of shunt cup in experiments from which 
curves (a) and (6) in A were obtained. Low^er root (diagram D') is corresponding 
diagram for curves in C. In A and C the portions of the curves indicated by the brack- 
ets (a, o') were obtained when the shunt cup was in the jiosition indicated by the con- 
tinuous heavy outline of the cup on each root diagram; those portions indicated by 
brackets (b, b') when it was in the position indicated by the interrupted outline of the 
cup. Heavy portions of the base line of A and C show when the cup was filled with 
water; intervals between, when it was empty. 
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contact, as indicated by the dotted outline on the same root diagram. In 
each position the sliunt cup was alternately filled and drained at 2-minute 
intervals. That portion of the curve under bracket (a) shows a decrease of 
the total E.M.F. of the root each time water was added to the cup, and an 
increase when it was removed. On the other hand, that portion of the 
curve under bracket (ft) shows an increase in E.M.F. each time water was 
added to the cup and a decrease when it was removed. The opposite effects 
on the electric polarity of the root with the cup in the positions correspond- 
ing to the regions of opposed polarities, show that the direction of change 
of E.M.F, produced hy adding a liquid shunt is determined hy the orienta- 
tion of the electric polarity in the cells of the shunted region and also dem- 
onstrates that the two systems of opposed E.M.F.^s summate in an algebraic 
manner. 

In another root, following a similar procedure, the shunt cup was placed 
first at the apical contact and second at the basal contact, so that when it 
w^as filled, the entire length of root covered by the cup and the specific elec- 
trode contact near it were surrounded by water. In each case therefore 
a relatively extensive region at the electrode contact was shunted. The 
results are shown by figure 3, C; the curve of distribution of E.M.F, per 
unit length of root is shown by figure 3, D; and the positions of the cup and 
electrode contacts are indicated in the lower diagram of the root D' below 
the distribution curves. In each position the cup was filled and drained at 
2-minute intervals. As shown by the brackets a' and h, V) in curve C, 
opposite changes in the electric polarity are observed in apical and basal 
ends of the root. The greater magnitude of the change shown by the posi- 
tions of the curves (a, a') occurred in the region of the root which exhib- 
ited the higher difference in potential. 

In a third root, which also manifested the characteristic distribution of 
E.M.F. with a ‘‘ valley of negativity at 8-30 mm. from the apex, as indi- 
cated in figure 4, B, the cup was at successive intervals placed in three dif- 
ferent positions on the root. It was then filled and drained once while in 
each position. The successive positions of the cup on the root are indicated 
below the curve of distribution of E.M.F. by diagrams a, a', and b. Those 
portions of curve A, figure 4, which are indicated by the brackets (a, a\ 
and 6), show the corresponding changes in electric polarity of the root when 
the cup was filled in each of the three positions. The greatest change in 
E.M.F. occurred when the region with the highest potential w^as surrounded 
by water. As in the preceding two experiments, the direction of change of 
E.M.F. was detemined by the orientation of the electric polarity in the 
region upon which the shunt was applied. 

These experiments indicate that if observations are made of the E.M.F. 
of a given length of root which manifests oppositely oriented polarity poten- 
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Fig. 4. Effect on electric potential, of addition and removal of a liquid shunt at 
three different positions on the root with a, curve of distribution of E.M.F. as shown in 
B. Diagrams a, a^, and b below base line show successive and exact positions of shunt 
cup on same root. Arrows indicate positions of electrode contacts. The parts of the 
curve above the brackets (a) and (a') and (b) in A indicate the change in E.M.F. pro- 
duced bj adding and removing water from the shunt cup in the positions corresponding 
to a, a', and b of the root diagrams below. 

tials, during an interval when the shunt eup filled with water is moved up 
or down the root, increase or decrease in E.M.F. would appear when the 
cup passed over a *‘hiir’ or “valley’’ of potential difference. In this way 
the orientation as well as the relative magnitude of E.M.F. ’s per unit 
length could be determined. 

Many such determinations on different roots were made, and the orien- 
tation and relative magnitude of E.M.F. ’s per unit length was ascertained 
in this manner. In each case results were checked by comparison with the 
curve of distribution of E.M.F. per unit length obtained by moving the 
positive electrode toward the negative electrode as described above. When 
the empty cup or the cup filled with parafiBn oil was similarly moved, no 
changes in E.M.F. were observed. 

These experiments show further that we are dealing with a system or 
systems of E.M.F. ’s, some of which at least have their origin in polar cells 
arranged in series. This point will be clear if the reader will refer to the 
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discussion and diagrams of cells in series and in parallel in Lund’s paper 
( 4 ) on the theory of cell correlation. In diagram I of figure 2, pages 285, 
Lund gives a simple hypothetical system of four cells, A, B, C, and D, ar- 
ranged in series in which A is from the region of highest positive potential, 
B from a region just proximal to A, C from an isoelectric region, and D 
from a region of oppositely oriented polarity. When connected in series as 
illustrated, the total E.M.P. of the system would be equal to the algebraic 
sum of the B.M.F.’s of the cells between the contacts as represented by 
circuit 4 in the diagram (fig. 2, I, Lund 4 ). If, in such a system, a de- 
crease is produced in the IR drop of cells A or B or both, the total E.M.P. 
of the sj'stem would necessarily fall ; and if such a decrease is sufficiently 
great in magnitude the polarity of the system would be reversed since it 
would then be determined by the polarity of cell D. This is the explana- 
tion for the drop in potential shown in curves A and C, figure 3, and curve 
A in figure 4 when the conducting medium was placed around a region of 
high positive potential. If, on the other hand, a decrease is produced in 
the IR drop of cell D, the E.M.P. of which is opposing the P.D. ’s of cells 
A and B, an increase in the total E.M.P. of the system will appear, as shown 
by the rise in potential in curves A and C, figure 3, and curve A, figure 4, 
which occurred when the conducting medium was placed around a region 
that exhibited a negative polarity potential. 

Procedure 5 

Shunt cup outside of the electrode jacket 

Very little or no change in E.M.P. of the root is observed when water 
is added to or removed from the shunt cup when placed outside of the elec- 
trode circuit. Figure 5, X and Y, shows the positions of the electrode con- 
tacts in two such experiments. The shunt cup in one experiment was filled 
with water during the first half of the experiment and with paraffin oil 
during the latter half. At 1-minute intervals the cup was alternately raised 
and lowered, thus surrounding 1.5 mm. of the extreme tip with water when 
raised. The position of the cup when over the tip is indicated by the inter- 
rupted outline in figure 5, X. The results are represented by curve A. The 
stippled portions of the curve show the intervals during which the apex 
dipped into the water-filled cup and the portions indicated by diagonal lines 
give the intervals during which the apex dipped into the oil-filled cup. 
Each time the water-filled cup was raised over the root, a small but definite 
drop in E.M.P. occurred, and each time it was lowered a small increase in 
E.M.P. was observed. No such change in E.M.F. was noticed when the oil- 
filled cup was similarly raised and lowered. In both experiments the effect 
was very small. 
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Fig. 5. Effect of tap-water shunt on E.M.F. of a given region when it is applied 
to a region of the root outside of the electrode circuit. Insets X and Y are diagrams 
of two different roots which show exact position of the segments of the root covered by 
the shunt cup, as indicated by the interrupted outline in X and the solid outline of the 
cup in Y. Stippled careas on the base line of A and B show 'when the shunt cup is filled 
with water, diagonal portions when it is filled with paraffin oil, and intervals between 
when the cup is empty. 

In the other experiment the cup was placed in position around a region 
of the root relatively basal, as illustrated by figure 5, Y. It was filled with 
water during the intervals represented by the stippled portions of curve B, 
figure 5. Curve B indicates that no change in E.M.F. is produced by add- 
ing and removing water from the cup under these conditions. 

Both experiments showed that the electric polarity of the root w^as in a 
fluctuating state manifesting rhythm. The small change in E.M.F. ob- 
served when the water-filled cup was raised and lowered indicates that part 
of the electric field at the apical electrode contact was included in the region 
covered by the cup when it was raised. 

Experiments on frog nerve 

The frog's sciatic nerve was carefully isolated and a thread tied around 
the proximal end by means of which the nerve was gently threaded through 
the openings of (a) the glass projection (contact) of the electrode connec- 
tion to the quadrants, (h) the bottom of the empty shunt cup, (c) the glass 
projection (contact) of the grounded electrode cup, and finally fastened in 
a glass clamp which thus suspended the nerve in the moist electrode cham- 
ber. The electrode cups and glass projections were filled with frog Ringer 
solution. When both electrode contacts surrounded the uninjured surface 
of the nerve no potential was exhibited, but when the nerve was cut at the 
electrode contact (to quadrant) on the distal portion below the cup, an in- 
jury E.M.F. appeared. This E.M.F. was not subject to change by adding 
and removing Ringer solution around the region surrounded by the cup, 
nor did any effect appear when paraffin oil replaced the Ringer solution. 
Although the procedures described above in the experiments on the onion 
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root were repeated with different nerves, the presence of a liquid conductor 
around the uninjured surface of the nerve between the electrode contacts 
failed to produce an effect on the injury potential in any way comparable 
to that which was observed on the maintained E.M.F. of the polar cells in 
the root tissue. Evidently the systems of E.M.F. are fundamentally dif- 
ferent in one or more respects; in the root tissue there is a system of 
cellular E.M.F. \s arranged in series (and probably in parallel also) such 
that the addition of a liquid conductor around cells between and not at the 
contacts will alter the total E.M.F. of that system, whereas in the injured 
nerve the system is closed and the addition of a liquid conductor between 
the contacts does not alter the E.M.F. In the latter case, the origins of the 
P.D.^s are probably limited to the electrode contacts. In the root electri- 
cally polar tissue is present, the cells of which are the seats of individual 
E.M.F. ’s that summate algebraically to give the E.M.F. of that system. 

Conclusions 

The preceding experiments show that when tap water is placed around 
a region of the onion root between the electrode contacts the E.M.F. of the 
root is altered, but when paraffin oil is similarly placed around a region of 
the root no change in E.M.F. is observed. This fact indicates that when a 
liquid which contains electrolytes surrounds a region of the root the output 
of electric energy by the root is altered. The effect on individual cell 
E.M.F. ’s is sumniated and expressed in the change of the electric polarity 
of the whole. A liquid shunt around the region of the root which exhibits 
a positively oriented unidirectional polarity diminishes the electric polarity 
of the whole, while a liquid shunt around the region which exhibits an oppo- 
sitely oriented unidirectional polarity increases the electric polarity of the 
whole. This fact furnishes conclusive evidence that the total observed 
E.M.F. of the onion root is the algebraic sum of the definitely oriented 
E.M.F. ^s of individual cells. 

The fact that the E.M.F. between the cut end and the longitudinal sur- 
face of the frog sciatic nerve was not altered by following the procedure 
used in the experiments on the root shows that the observed effect produced 
by adding a liquid shunt to the root is uniquely characteristic of the system 
of continuously maintained bioelectric potentials, distinctive of the root 
cells. 

The fact that the potential difference of the root may be increased or 
decreased by a liquid shunt indicates that the electric circuit system of the 
root is not a closed system. In its natural environment the root is exposed 
to soil or other solutions which contain electrolytes. Bioelectric currents 
flow outward into the surrounding medium from regions of high electric 
positivity in the root and currents flow inward from the surroundings to 
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regions which exhibit relatively low positivity or negativity. Accordingly, 
the observed phenomena are obviously significant in relation to the prob- 
lems of (1) transport of ions, (2) absorption of water and solutes by the 
root, (3) transpiration, and (4) growth. 

Energy changes are involved in the process of absorption, and many in- 
vestigators have shown that permeability and osmotic relations alone are 
inadequate to explain the phenomena of absorption in the root (1, 8, 9, 14). 
The electric energy produced by the oxidative metabolism of the cells (6, 
13) is continuously available for work and may be utilized by the root in 
the processes of absorption and transport. It has been shown that absorp- 
tion of water and ions by the root is directly correlated with oxidation (10, 
2, 7), and it has been demonstrated for the first time that the electric 
potentials of the root and oxygen tension are quantitatively interdependent 
(6, 13). A consideration of the fact that the electric circuit of the root is 
not a closed system, and the above mentioned relations (i.e., (a) of bioelec- 
tric currents to oxidation and (b) of absorption to oxidation) indicates 
that these are linked phenomena. 

The fact that electric energy is available for the transport of ions, and 
the additional fact that the E.M.P. of the root is modified only when an 
electrolytic solution comes in contact with the root, indicate that the avail- 
able output of electric energy by the root is related to the conductivity of 
the solutions in which the roots grow. Root growth is dependent upon ion 
transport and upon the absorption of water and solutes. It may possibly 
differ in solutions of low and high electric conductivity. 

A detailed discussion of the experimental results in relation to the 
phenomena mentioned above will be omitted, since the purpose of this 
report is to show that the magnitude and orientation of cellular E.M.P. ’s 
is modified by an electrolytic solution around the root and that the electric 
circuit of the root is not a closed system, but attention is called to the fact 
that the study of electric behavior of the root establishes a precise and 
intelligible approach to the problems of (1) transport of ions, (2) absorp- 
tion of water and solutes, (3) transpiration, and (4) growth. 

Summary 

1. The electric polarity of a given region of the root tip {Allium cepa) 
is decreased or increased when an electrolytic solution such as tap water 
(liquid shunt) surrounds a segment of that region. 

2. The magnitude of change in electric polarity is directly related to 
the length of the liquid shunt, and the direction of change is determined 
by the orientation of the polarity potential in the segment to which the 
shunt is applied. 

3. The level of E.M.P. manifested before the liquid shunt is applied is 
reestablished when the shunt is removed. 
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4. The observed changes in E.M.F. produced by the addition of a liquid 
shunt to the root are distinguished from the rhythmic fluctuations in 
E.M.F., produced by causes of internal origin, by the abrupt change in 
E.M.F. which occurs when the shunt is added. 

5. The observed changes in E.M.F. are determined by the presence of 
ions in the applied solution. No change in E.M.F. of a given region of the 
root is observed when a non-conducting liquid is applied to a segment at 
that region. 

6. The results indicate that the system of continuously maintained 
E.M.F.’s present in the root involves cells arranged in series so that their 
polar axes coincide. 

7. When the liquid shunt is applied to a region outside of the electrode 
circuit no change in E.M.F. is produced. 

8. There is an absence of effect on the injury E.M.F. of frog sciatic 
nerve following the same procedure used in the experiments on the root. 
The observed change in E.M.F. of the root, produced by the addition of a 
liquid shunt, is uniquely characteristic of the system of maintained cellular 
E.M.F.’s present in the root. 

9. The observations furnish direct evidence that the principle of alge- 
braic summation of E.M.F.’s in polar cell systems applies to the electric 
polarity of the onion root. 

The writer wishes to express gratitude to Prof. E. J. Lund for valu- 
able suggestions and criticisms. The investigation was aided by a grant 
from the research fund of the Department of Zoology, University of Texas. 

Univeesitt or Texas 
Austin, Texas 
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EFFECTS OF EXFLORATION ON PLANT METABOLISM 

Stanley Austin 
(vVITn TEN figures) 

Introduction 

The practical importance of the proper balance between the vegetative 
and reproductive processes in fruit crops has stimulated many horti- 
cultural investigations seeking to improve our practical control of these 
functions. Owing to the slow growth, large stature, and perennial habit 
of fruit trees as well as their delayed response to experimental manipula- 
tion, it has been difficult to secure comprehensive data directly. Conse- 
quently considerable work has been done on short-lived annuals, like 
tomatoes, the development of which is known to be comparable to that of 
fruit trees. 

TTse of herbaceous plants in horticultural studies has incidentally pro- 
vided a considerable amount of agronomic data, and hence it has been 
natural for the agronomist to extend such investigations in his own field 
to important herbaceous crops not previously investigated. The existing 
extensive literature implies that an inverse quantitative relation exists 
between the reproductive and vegetative processes, growth usually tending 
to diminish as the size of the fruit crop increases (4, 5, 7, 13, 14, 21, 22, 23). 
It should be noted, however, that structural features of the plant in part 
determine the relationship between vegetative and reproductive processes. 
In plants of the determinate habit, the inflorescence utilizes all the apical 
meristem and hence arrests elongation. According to many investigators, 
the indeterminate habit, on the other hand, presumably permits stem 
elongation to continue until the developing fruits begin to monopolize the 
food supply. The fact that fruiting obviously interferes with elongation 
in crop plants of the indeterminate growth habit has led to the inference 
that all plants of this type behave similarly (26). It is difficult, however, 
to see how this interpretation would apply to indeterminate plants w^hich 
normally set only a small quantity of fruit. Moreover, the rosette vegeta- 
tive phase of certain long day plants such as spinach suggests that the 
photoperiod may be as important as reproduction in suppression of stem 
growth. 

In short day plants exhibiting arrested elongation under short day 
conditions, it is not apparent whether the response is due to fruiting or 
only to the shorter day length. Although the statement has been made 
(2) that ‘‘the reproductive phase of growth apparently curtails the vegeta- 
tive phase in the soy beau, a preliminary investigation by the writer dis- 
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closed that exfloration of the soy bean, an indeterminate short day plant, 
did not result in increased growth. The present investigation was conse- 
quently undertaken to discover why exflorated soy bean plants did not 
behave like more typical species such as the tomato, which continue vege- 
tative development indefinitely if exflorated. 

Methods 

Initial exfloration experiments with soy bean plants grown in the green- 
house seemed to indicate that the vegetative development was not influ- 
enced by continued removal of flowers. To determine whether this lack of 
response to exfloration might have been due to unfavorable conditions in 
the greenhouse, the experiment was repeated during successive seasons on 
plants grown out-of-doors. The results being entirely confirmatory, a more 
intensive investigation was undertaken. Data presented here are for two 
crops of plants, one grown in the summer of 1931 and another in the 
summer of 1932. Ito San soy beans were grown out-of-doors in well inocu- 
lated soil and all flowers were removed from one series of plants but left 
to develop on the control series. All plants were watered during periods 
of dry weather. Material was harvested for chemical analyses at frequent 
intervals, 20-gm. samples being preserved in alcohol for carbohydrate 
determinations and larger samples dried in an oven at 100° C. for dry 
weight, total nitrogen, and ash determinations. 

Total organic nitrogen not modified to include nitrates was determined 
on samples of the dried material. The material preserved in alcohol was 
extracted several times with 80 per cent, alcohol (37), reducing sugars 
being determined on aliquots of the clarified extract and expressed as dex- 
trose. Aliquots of the same extract were hydrolyzed with hydrochloric 
acid for the determination of total sugars, which are also expressed as dex- 
trose. The residue from the alcoholic extraction was hydrolyzed by boiling 
for 2.5 hours with dilute hydrochloric acid under a reflux condenser. 
Reducing sugars were then determined and expressed as polysaccharides 
( 20 ). 

Samples of the dried material were ashed, dissolved in hydrochloric 
acid, and made up to volume for mineral analyses. Calcium was precipi- 
tated as oxalate and titrated with potassium permanganate. Phosphorus 
was determined colorimetrically by a modification of the Bell-Doisy colori- 
metric method (3). Magnesium was precipitated from the filtrate of the 
calcium determinations as magnesium ammonium phosphate and the phos- 
phate content of the precipitate determined by the same method as used 
for phosphorus. Potassium was precipitated as potassium cobaltinitrite 
and weighed directly in Gooch crucibles. 
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Material for the 1931 crop was harvested when flowering began and a 
month later when the fruits had reached almost their full size. The sam- 
ples designated as "leaves” represent composite samples of all the leaves 
on the plants. The stems were divided equally into upper and lower 
halves and are referred to as "upper stems” and "lower stems,” Har- 
vesting of the 1932 crop was begun when the plants were still very small 
and the data are more comprehensive, but unfortunately the plants were 
badly damaged by winds before the last harvest and their weights are not 
available. The "tips of stems” represent 2 to 3 inches of the tips of the 
stems. 



Fio. 1. Similarity in appearance of mature exflorated and fruiting soy bean plant. 

Data and discussion 

Growth of normal Ito San soy bean plants proceeded rapidly for some 
time after flowering began, the check in the growth rate seeming to coincide 
with the enlargement of the fruits. The stem tips of rapidly growing 
plants were large and blunt, but as the plants reached maturity these tips 
became more and more slender and the new internodes became shorter until 
they finally ceased to grow. 

Continuous removal of flowers, however, did not increase either height 
or diameter of the stems or size of the leaves. Growth stopped at the same 
time in the exflorated and the control plants. There was a slight wr inkl i n g 
of the leaves of some of the exflorated plants. The similarity in appear- 
ance of the exflorated and control plants was striking (fig. 1). The ana- 
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lytical data for 1931 are given in percentages of dry weight (table I) and 
in grams per plant (table II), and are illustrated graphically (figs. 2~5). 

TABLE II 

Soy beans, absolute weiohts of constituents in grams pee plant 



July .3 

August 7 

Blooming 

Exflorated 

Controls 
(stems and 
leaves) 

Controls 

(PLUS 

FRUITS) 


gm . 

gm . 

gm . 

gm . 

Fresh weight . , 

134.00 

269.00 

267.00 

364.00 

Dry Aveight .... 

24.00 

79.50 

73.00 

101.80 

Nitrogen 

0.795 

2.23 

1.94 

3.03 

Rc*ducing sugars 

0.439 

1.44 

1.97 

2.54 

Total sugars 

1.21 

3.01 

3.36 

4.79 

Polysaoeharides 

4.03 

16.73 

10.83 

17.15 

Total carbohydrates 

5.24 

19.74 

14.19 

21.94 

rtalcium 

0.314 

1.10 

1.03 

1.23 

Magnesium . .. 

0.065 

0.222 

0.212 

0.295 

Phosphorus . . 

0.096 

0.222 

0.190 

0.326 

Potassium 

0.785 

1.28 

1.07 

1.78 

C/N ratio 

Moisture* 

Potassium 

6.58 

140.20 

148.00 

7.32 

172.00 

7.24 

147.40 


It has been shown by Murneek (23, 26) that fruit production limits the 
growth of tomato plants and that defruiting or exfloratioii greatly increases 
the size of the plants so treated. Experimental exfloration has no such 
stimulating effect on the growth of the soy bean. This is a photoperiodic 
plant in which short day length apparently not only induces flowering but 
inhibits stem elongation as well. However, a shorter day seems to be neces- 
sary to affect the groivth rate than to initiate flower formation, because 
growth continues for some time after flowering begins, long enough in fact 
to treble the dry weight of the stems and leaves, observations which are also 
confirmed by the work of other investigators. Garner and Allard (9) 
found that Biloxi soy beans in a ten-hour day stopped growing as soon as 
flowering began, but under the influence of a 13-hour day they tended 
toward an everbearing habit so that growth and fruiting proceeded simul- 
taneously. Owen (30) observed that sterile soy bean plants became but 
little larger than those which set fruits, and that microchemical tests indi- 
cated the presence of an abundance of starch in the stems of these sterile 
plants. 

Nightingale (27) believes that in Salvia assimilation of nitrogen is lim- 
ited by a short photoperiod, and as a result carbohydrates accumulate in 



230 


PLANT PHYSIOLOGY 


the plants which then become fruitful because of the increase in the C/N 
ratio. Accumulation of carbohydrates in the stems of ezflorated soy bean 
plants (figs. 6, 7) cannot be explained in this way because the soy bean is 
not limited in its ability to absorb nitrogen under short day conditions. 
This is evident from the data which show that about 36 per cent, more 
nitrogen is assimilated by the controls than by the exflorated plants under 
short day conditions during which fruiting normally occurs. Movement of 



Fio. 2. Composition of soy beans; percentages in terms of dry weight. 

nitrogen from the stems and leaves does not account for all of the nitrogen 
in the fruits. The analytical data not only show that the vegetative reserve 
is maintained but that more is taken in to supply the demands of the devel- 
oping fruits. This interpretation agrees with the observation made by 
Websteb (39) that nitrogen in the soy bean is not massed in one part of 
the plant at the expense of any other part. Further confirmation of this 
condition is found in the data of Boest and Thatcheb (2), which show 
that the absolute amount of nitrogen increases faster in the seeds than it 
decreases in the stems. Oinsbitbg and Shive (12) have also found that the 
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nitrogen content of normal soy beans was not appreciably altered by in- 
creasing the nitrogen concentration of the culture solution. 

Data given in this report also indicate that nitrogen was not accumu- 
lated in exflorated plants, being but little higher than in the vegetative 
parts of control plants. On the other hand, the percentages of nitrogen 
were almost as high in the stems and leaves of exflorated and control plants 
as in flowering plants which were still vegetatively active. If lack of nitro- 
gen assimilation had been the limiting factor in the growth of exflorated 



Fig. 3. Composition of soy beans; percentages in terms of dry -weight. 

plants, their nitrogen content should have been very low. Consequently, 
it may safely be concluded that the short day conditions which induce the 
reproductive phase do not entail nitrogen shortage, as suggested by Night- 
ingale for Salvia ; and further, there is no experimental e-ddenee to sub- 
stantiate the hitherto commonly accepted inference that the nitrogen 
demand of fruiting soy beans is so great as to deplete all reserves and 
thereby interfere with growth. 
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It is also to be noted that there was a slow rate of potassium intake after 
flowering as compared with the increase in dry weight and nitrogen, and 
this was coupled with decreased succulence of the tissues. These conditions 
are significant and probably important factors in the cessation of growth. 
Nightingale, Schermerhobn, and Robbins (29) found that potassium 
deficiency caused an early setting of fruit, lack of growth, accumulation of 
carbohydrates, and a low proportion of meristematic tissue in the tomato. 



Fig. 4. Composition of soy beans; absolute weights in grams per plant. 

They concluded that growth was limited because potassium is essential for 
synthesis of organic nitrogen from nitrates. In the case of the soy bean, 
however, a different interpretation is more plausible, namely, that potas- 
sium deficiency limited nitrogen assimilation only indirectly because the 
mechanism of cell division and growth was inhibited. The plant still had 
the ability to assimilate nitrogen if it could be utilized by some growing 
part of the plant. The controls assimilated nitrogen to supply the develop- 
ing fruits, although potassium was at the same low level in the vegetative 
parts of the controls as in the exflorated plants. In the soy bean, therefore, 
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potassium must be essential for the later stages of protein synthesis, i.e., 
probably for the condensation of amino acids. Hence potassium deficiency 
interferes with the formation of new protoplasm and limits meristematic 
activity in the stems. 

As in the case of nitrogen, neither calcium, magnesium, potassium, nor 
phosphorus accumulated in the exflorated plants and yet the development 
of fruits did not deplete the reserves in the controls. This means that prac- 



Fio. 5. Composition of soy beans; absolute weights in grams per plant. 

tically the only substances stored in excess in the soy bean are carbohy- 
drates; and that the plant, although inactive meristematically, still has the 
ability to take in nitrogen and minerals so that fruiting never becomes the 
exhaustive process which it is in some other plants (23, 24). 

Arguments for and against the idea of balance between carbohydrates 
and nitrogen as the controlling factor in growth and reproduction of plants 
(1, 6, 16, 18,. 19, 28, 81, 32) must consider the behavior of photoperiodic 
plants (8, 9, 10, 11). As already mentioned, 8<Avia, a short day plant, 
seems to be limited in its ability to assimilate nitrogen by a short day and 
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Fig. 6. Cross section of stem of extlorated soy bean plant stained with iodine to 
show storage of starch in medullary rays and pith. 



Fig. 7. Cross section of stem of normal control soy bean plant showing practieallx 
no starch (c/. fig, 6). 




TABLE III 

Aka^ysis or 1933 Ito San soy beans; percentages in terms or dry weight 
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TABLE IV 

Soy bbanb, avebaoe total pbbcentages pkb pijAnt 


Time 

SAMPLED 

Percentages 

June 6, seedlings 

\ Pry weight 

12.94 

Calcium 

2.01 

(dry wt. per 

Total sugars 

4.46 

Magnesium 

0.362 

plant 1.30 gm.) 

Polysaccharides 

12.30 

Phosphorus 

0.416 


Total nitrogen 

4.62 

1 Potassium 

2.56 

June 21, vegeta* 

Dry weight 

15.79 

Calcium 

1.72 

tive (dry wt. 

Total sugars 

4.56 

Magnesium 

0.318 

per plant 7.61 

Polysaccharides 

14.24 

Phosphorus 

0.356 

gm-) 

Total nitrogen 

3.81 

Potassium 

2.36 

July 10, blooming 

Dry weight 

14.18 

Calcium 

1.19 

(dry wt. per 

Total sugars 

6.34 

Magnesium 

0.231 

plant 21.57 

Polysaccharides 

17.65 

Phosphorus 

0.384 

g®-) 

Total nitrogen 

3.35 

Potassium 

2.92 

August 18, ex- 

Dry weight 

28.80 

Calcium 

1.47 

florated 

Total sugars 

3.82 

Magnesium 

0.322 


Polysaccharides 

22.54 

Phosphorus 

0.282 


Total nitrogen 

2.61 

Potassium 

0.98 

August 18, con- 

Dry weight 

25.84 

Calcium 

1.65 

trols (minus 

Total sugars 

4.65 

Magnesium 

0.379 

fruits) 

Polysaccharides 

17.40 

Phosphorus 

0.267 


Total nitrogen 

2.73 

Potassium 

0.744 

August 18, con- 

Dry weight 

24.68 

Calcium 

1.54 

trols (plus 

Total sugars 

5.11 

Magnesium 

0.358 

fruits) 

Polysaccharides 

18.30 

Phosphorus j 

0.352 


Total nitrogen 

2.96 

Potassium 

0.855 


flowering accompanies the subsequent accumulation of carbohydrates. The 
experimental evidence for this conclusion, however, is very meager. In 
some long day plants the greatest accumulation of carbohydrates occurs 
under short day conditions, but flowering is initiated only by long days (36, 
36). 

From the results of ringing and defoliating experiments, Habvey (16) 
claims that the vegetative responses of apple shoots are very definitely con- 
trolled by the ratio of carbohydrates to nitrogen. Bobebts (33) and 
Thomas (34) suggest that accumulation of carbohydrates interferes with 
nitrogen metabolism and retards growth. On the other hand, a high ratio 
of carbohydrates to nitrogen seems to be the result of inhibited or retarded 
growth and not the cause of it in many eases. Hartwell (16) found that 



AUSTIN; EXPLORATION AND METABOLISM 


237 



Fig. 8. Composition of soy beans; percentages in terms of dry weight. 


accumulation of starch seemed to be correlated in general with conditions 
which caused a retardation of growth. If high carbohydrates limit growth, 
we still lack convincing experimental data to explain why long days stimu- 
late growth in plants which have become high in carbohydrates under the 
influence of short days. This happens in some long day plants (36, 38), 
and Gakneb and AT.T.AaD (8, 9) have rejuvenated soy beans and other short 
day plants after they had begun to set fruits by subjecting them to long 
days. 
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Fig. 9. Composition of soy beans ; percentages in terms of dry weight. 


The data for 1932 (tables III and IV and figs. 8-10) are given in full, 
although this involves some duplication, because they cover a full life cycle 
and because they represent a more detailed analysis of the plants than do 
those for 1931. These data disclose a high potassium content associated 
with high moisture content during the period of rapid growth, but nitrogen 
was not much higher in vegetative than in mature plants. Cessation of 
growth could hardly be attributed to a shortage of nitrogen, but the short- 
age of potassium probably had something to do with the decrease in mois- 
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Fig. 10. Composition of soy beans ; percentages of nitrogen in terms of dry weight 
and percentage dry weight in terms of fresh weight. 


ture content and the retarded growth. Physiological dryness of tissues 
seems to be characteristic of plants deficient in potassium (36, 38). The 
appearance and behavior of exflorated soy bean plants are similar to those 
described by Janssen and Bartholomew (17) for tomato plants grown in 
a medium 1 Hiking in potassium. The percentages of phosphorus are high- 
est in regions of rapid growth, stem tips of vegetative plants and fruits of 
control plants, but it does not decrease in other parts of the plant so much 
as does potassium when the plant stops growing. 
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Decreases in the percentages of potassium and moisture in the stems and 
leaves of mature soy bean plants are not due to fruiting since they are not 
prevented by exfloration. Likewise exfloration does not prevent cessation 
of growth. It seems likely then that the moisture, potassium, and to a less 
extent the phosphorus contents of the tissues are in some way related to 
nitrogen metabolism and the growth of new tissues. Whether these repre- 
sent causes or only conditions accompanying particular growth responses 
cannot be stated with certainty. 

In conclusion it may be stated that although growth of the soy bean 
plant normally stops at about the time that the fruits develop, plants from 
which the flowers are removed do not grow any larger than such normal 
plants. Hence cessation of growth is not due to fruiting, since it is not 
prevented by exfloration. Neither is it to be explained as a result of lim- 
ited ability of the plant to absorb nitrogen. The best available explanation 
at present seems to be that the meristematic regions of the stem become 
inactive or dormant owing apparently to the decrease in day length, and 
the cessation of nitrogen absorption and the accumulation of carbohydrates 
are due to lack of growth. The exact mechanism of the action of the photo- 
period is unknown, but in the soy bean it is related in some way to the 
moisture and potassium contents of the tissues. Exflorated soy bean plants 
show many of the symptoms of potassium starvation. 

Summary 

1. In normal soy bean plants growth stopped at about the time that the 
fruits developed, which would suggest that fruit development was respon- 
sible for the cessation of growth. 

2. Exfloration did not increase the vegetative development, growth ceas- 
ing simultaneously in exflorated and control plants. 

3. The soy bean is a photoperiodic plant and apparently the shortening 
of the day length not only initiates the reproductive phase but also curtails 
the vegetative processes. 

4. A shorter day is required to inhibit growth in the soy bean than is 
necessary to initiate flowering. 

5. There was an abnormal accumulation of carbohydrates in exflorated 
plants. 

6. Nitrogen did not accumulate in exflorated plants, but on the other 
hand it was not depleted in control plants by the development of fruits. 

7. Neither calcium, magnesium, phosphorus, nor potassium was depleted 
in control plants by the development of fruits. 

8 . As the plants ceased to grow there was an increase in the percentage 
of dry weight, or in other words a decrease in moisture content, in both 
exflorated and control plants. 
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9. This decrease in moisture content and cessation of growth were asso- 
ciated with a marked decrease in the percentages of potassium in all parts 
of the stems and the leaves. Phosphorus decreased in the stem tips when 
the stems ceased to elongate. 

10. The behavior of exflorated soy bean plants resembles the responses 
of some other plants to potassium starvation, and the suggestion is there- 
fore made that the length of day may affect vegetative growth through its 
influence on the concentration of potassium in the tissues of the plant. 

Univebsitt or Iowa 
Iowa Citt, Iowa 
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LIMITATIONS OP BLACKMAN’S LAW OF LIMITING FACTORS 
AND HARDER’S CONCEPT OP RELATIVE MINIMUM AS 
APPLIED TO PHOTOSYNTHESIS 

B. N. SiNOH AND K. N. Lad 
(with nine figures) 

Problem and mode of attack 

The universality of the photosynthetic process and its fundamental na- 
ture and importance have long been recognized, and little is known regard- 
ing the systems involved and their exact working in consonance with both 
external and internal factors. Prom the time it came to be recognized that 
COj was absorbed by the leaves during photossmthesis and that with an in- 
crease in its concentration the rate of assimilation increased, attempts have 
been made to determine an optimum concentration of carbon dioxide, a per- 
centage which may induce rapid photosynthesis, leading to increased growth 
in plants. 

With the formulation of Liebig’s law of the minimum (7) and with the 
advance in our knowledge of the subject of photosynthesis, it came to be 
realized that the process is conditioned by numerous factors. Ppepfeb (12) 
and Pantanelu (13) realized that the optimum value in photosynthesis 
was not fixed under the influence of any single factor. 

Considerable work has been carried out in recent years on the relation- 
ship of photosynthesis to external factors, and several laws indicating the 
possible relationship between the external factors on the one hand and 
carbon assimilation on the other have been evolved. 

Blackman (1) first called attention to the fact that in a phenomenon 
such as photosynthesis, the focusing of attention on a single factor in dis- 
regard to the influence of others leads to erroneous results. A study of 
the interrelation of the conditioning factors led him to formulate the prin- 
ciple of limiting factors, which he has stated in the following axiom: 
“When a process is conditioned as to its rapidity by a number of separate 
factors the rate of the process is limited by the pace of the slowest factor.’’ 
This theory stimulated investigations designed to test the validity of Black- 
man ’s proposals. 

His observations were confirmed by Matthaei (11), Blackman and 
Smith (2), and Wilmott (16), but later workers like Hooker (6), Brown 
(4), Boyben Jensen (3), and Harder (6) criticized the theory and showed 
that the law of limiting factors was not infallible. This theory was sub- 
sequently modified by Harder (6) in his concept of relative minimum, but 
at present both theories seem to be equally supported on an experimental 
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basis. One of the vital points of difference between the viewpoints of 
Blackman and Harder is that while the former holds that there is a sudden 
change in direction of the ascending curve to a horizontal one when the 
limiting factor comes into operation, the latter holds that the curves are 
extremely regular and that there is no sudden change of the ascending 
curve to a horizontal phase. Moreover, the rate is not governed by one 
factor and that alone, as was supposed by Blackman, but is also condi- 
tioned by the intensity of others present in relative minimum. Both these 
observations are equally supported by experimental data and the question 
therefore remains, Is there a sharp break in the curve or is it smooth in 
form? 

The present work is the outcome of a study concerned with the nature 
of growth in relation to external and internal factors. In trying to study 
growth with respect to other metabolic activities, more particularly assimi- 
lation and respiration, it was necessary to determine under laboratory con- 
ditions the relation between CO^ assimilation and such external factors as 
temperature, light, and carbon dioxide. Special effort has been made to 
estimate their effect on the rate of photosynthesis when they are present in 
concentrations and intensities in which they naturally occur in the field. 

The results have thrown considerable light on the nature as well as on 
the applicability of the law of limiting factors and the theory of relative 
minimum, and these have therefore received separate treatment in the 
present paper. 


Investigation 

Material. — ^Material was selected from crops of economic importance 
such as wheat (var. Pusa 4), linseed (var. 1150 S), and sugar cane (var. 
Eeori) grown both under natural environment and under conditions of 
optimum nutritional supply at the Experimental Farm of this Research 
Station. 

Apparatus. — The apparatus consists of a carbon dioxide absorbing set, 
a COg generating tower, a constant temperature bath, and a commutator 
and clockwork arrangement identical in most respects with the one designed 
by Blackman for investigations on vegetable assimilation. The plant 
chamber is of special construction, with inlet and exit tubes, an opening 
at the top for the insertion of a thermometer, and a depression for the 
attachment of a small funnel containing water into which the leaf base is 
dipped. The front and back sides of the chamber are of glass, one pane 
of which can easily be removed for admitting the experimental leaf. 

Half-watt 220-volt Phillips bulbs of various intensities were used as the 
source of illumination. The exact intensity in each case was determined 
by comparison with standard bulbs and the values expressed in candle 
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power. A screen of running water intervened between the bulb and the 
plant chamber in order to prevent heat from the bulb reaching the bath. 

The temperature of the bath was maintained constant for each series of 
experiments by means of thermo-gas regulators. The experimental tem- 
perature varied between 23° and 40° C., and never fluctuated more than 
db 0.05° C. 


The CO 2 concentration used w^as between 0.0 and 0.5 per cent., according 

to the requirement of the experiment. The percentage of carbon dioxide 

by volume was calculated by the formula: 

X wt. of gas in control tubes per hr. in gm. X 500 

percentage CO 2 ^ xlOO, 


where 500 is the approximate volume of the gas weighing 1 gm. and 1500 
the speed of dropping in the aspirators per hour. 

The details of temperature, light intensity, and CO 2 concentration in a 
particular experiment are given in the tables. 


Experimental procedure 

The general procedure consisted in the selection of mature healthy 
normal green leaves from an average plant of known age a day previous 
to the time of the experiment. These leaves were kept near a north window, 
covered with an open belljar with their ends in water and left over night to 
attain laboratory conditions. The leaves were regularly collected at 4 p. m. 
after a period of rapid assimilation and the experiment was started each 
day at about 10 a. m, after recording the fresh weight and the area of the 
assimilating leaf surface. 

The leaves prepared in this manner were arranged in the assimilation 
chamber and connections were then made to the CO 2 generating set and 
the commutator. A current of air containing a definite amount of carbon 
dioxide was divided into two equal parts. One was passed over the experi- 
mental leaf and was then withdrawn through a Pettenkoffer tube contain- 
ing a measured quantity of standard baryta solution. The other part was 
passed directly through another Pettenkoffer tube containing the same 
amount of barium hydroxide. After a definite interval, the two tubes were 
disconnected, their contents poured into separate beakers, and the solution 
titrated against standard hydrochloric acid. The difference in the acid 
value of the two solutions is due to the reduction in the amount of CO^ 
absorbed by the assimilating leaf. A preliminary tube was always run 
for 1.5 hours before taking the actual readings, followed by three consecu- 
tive hourly readings for the determination of the apparent assimilation. 
The respiration of the same material under identical conditions, but in 
complete darkness, was determined and the real assimilation calculated for 
100 sq. cm. of assimilating area per hour. For each experiment a new leaf 
was used. 
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Care was taken to determine experimentally the amount of external 
carbon dioxide absorbed by the solution during the course of filling, fixing, 
and titrating the solution. This ‘‘washing factor’’ was determined several 
times during the course of the experiment and due allowance made for it 
in the readings. 

Precaution was also taken to avoid as far as possible the resistances in 
the diffusion and photochemical phases of the process (8, 9), or to bring 
them to a common factor throughout the whole series. Variations due to 
season were avoided by performing the experiment in a single season of the 
year. The observations were taken at definite hours of the day and under 
definite artificial illumination, thus reducing variation in resistance due to 
time of day, intensity of illumination, and time of beginning of the experi- 
ment. To avoid the effect of previous history of the leaf only healthy leaves 
from average selected plants were taken and kept with the leaf base in water 
for several hours to equalize moisture conditions. Only leaves of the same 
developmental stage were used. 

The course of assimilation at various concentrations and combinations 
of external factors was followed with only the mature leaves during the 
adolescent phase of the life cycle. 

Results 

The data are mainly confined to three of the most important external 
factors, light, temperature, and carbon dioxide, which have been shown by 
previous workers to have considerable infiuence on the rate of photosyn- 
thesis. 


COo CONCENTRATION AND ASSIMILATION 

With the preliminary precautions already described, observations were 
made on the effect of carbon dioxide on the rate of assimilation. Concen- 
trations both below and above that present in the field were used, the 
former being maintained by absorbing some of the COg in the current by 
potash and the latter by providing extra quantities of this gas in the stream 
by the CO.^ generating tower. 

Since the experiments were conducted entirely under laboratory condi- 
tions, other factors like light intensity and temperature were also controlled. 
Under a constant temperature and a constant light intensity, the CO 2 
assimilation was determined at 0.02 per cent, external concentration of 
carbon dioxide. The results are set forth in table I, experiment 1. 

Under the conditions of the experiment, it is evident that the green leaf 
is not in a position to obtain any appreciable quantity of carbon dioxide 
from its surroundings. It has naturally to depend on the CO 2 evolved 
during respiration for the synthesis of carbohydrates. The quantity of 
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TABLE I 

Effect of CO, concentration on bate of carbon assimilation by mature leaves of 

SUGAR CANS, VAR. BeORI 

Temperature, 30.1 « C. 

Illumination, 90 o.p. half- watt Phillips bulb at 16 cm. distance 


Date 

(1932) 

Experiment no. 

CO, concentration 

Beal assimilation 
per 100 SQ. CM. 

PER HR. 


i 

% 

mg. 

July 1 

1 

i 0.02 

0.403 

2 

2 1 

0.051 

1.050 

3 . 

3 ! 

0.0806 

1.150 

‘‘ 4 

4 

0.1280 

1.005 

5 

5 

0.3740 

- 0.960 


respiratory carbon dioxide for the entire leaf area being small, the values 
of assimilation are naturally low. 

The carbon assimilation under slightly greater concentration of carbon 
dioxide, viz., equivalent to that of the atmosphere, was then determined. 
The results are shown in table I, experiment 2. In this case assimilation 
is higher than the preceding, indicating that with increase in the per- 
centage of carbon dioxide the value of assimilation increased. 

To test whether an increase in assimilation will follow a further increase 
in the percentage of carbon dioxide, the concentration was raised to 0.0806 
per cent. Experiment 3 indicates that the intensity of assimilation does 
increase. 

Experiments 4 and 5 were designed to study the effect of still higher 
concentrations of carbon dioxide on the rate of photosynthesis. Light 
intensity and temperature being kept the same as before, the variations 
found in the readings should be due to the increase in the concentration of 
carbon dioxide. 

The rates of assimilation obtained under different concentrations of 
carbon dioxide (table I) show that up to 0.08 per cent, of carbon dioxide 
the velocity of the reaction increases, and any further increase is accom- 
panied by a decrease in the intensity which finally attains a negative value 
under 0.374 per cent. It would thus follow that after 0.08 per cent, carbon 
dioxide concentration any extra quantity of carbon dioxide produces some 
sort of inhibitory effect on the process, the intensity of inhibition increasing 
wuth an increase in its concentration. 

It has just been shown that assimilation under the particular tempera- 
ture and light intensity is highest at 0.08 per cent., the readings falling 
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gradually on both sides of this maximum. Why should the intensity of 
photosynthesis rise for some time and then decline with increasing concen- 
tration of carbon dioxide? In the light of Blackman concept we can 
explain it as due to the fact that the carbon dioxide supply up to this stage 
is limiting ; hence an increase in the limiting factor, the pace of the slowest 
factor, increases the rate of assimilation. Following Harder, the same 
phenomenon may be explained on the basis that the carbon dioxide is at 
first lesser in quantity or in relative minimum than other conditioning 
factors which are exerting greater influence over the process. And as its 
concentration is increased the intensity becomes still greater, finally equal- 
ing that of other factors in which the readings are maximum. The subse- 
quent fall with increase in CO^ concentration may be due to the deleterious 
effect of excessive carbon dioxide. 

Whatever explanation we may give to the nature of the plienomenon, it is 
clear from the data obtained (fig. 1, 90 c.p.) that with increasing concentra- 
tion of COj, the intensity of photosynthesis increases in regular sequence. 
The sudden transference of the ascending phase into a horizontal one, as was 
observed by Blackman and his co-workers, is not apparent in the present 
case. Instead the curve shows a gradual rounding, thus probably answer- 
ing one of the vital questions raised in our introduction. Further, the 
stationary phase when the limiting factor comes into operation as observed 
by Blackman is not marked in the present case. If it is present at all, it 
may be found only within a small range of concentration. The decline 
phase on the other hand is characteristically evident. 

In order to test the validity of these results obtained for sugar cane, 
inquiry along strictly similar lines was conducted on wheat and flax plants 
grown side by side under similar conditions. The gradations of the carbon 

TABLE II 

Effect of COa concentration on rate op carbon assimilation by mature leaves of 

WHEAT, PUSA 4 

Temperature, 30.0® C. 

Illumination 1875 c.p. half-watt Phillips bulb at 16 cm. distance 


Date 

(1932) 

Experiment no. 

COj ( oncentration 

Real assimilation 
per 100 SQ. cm. 

PER HR. 



% 

mg . 

March 11 .. 

22 

0.05 

2.82 

“ 11 

29 

0.124 

6.75 

“ 12. 

30 

0.172 

7.37 

“ 13 . ... 

31 

0.320 

7.40 



ASSIMILATION PER HOUR IN MG. OF CO 
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dioxide range as well as the constancy of temperature and light intensity 
were maintained, although the magnitude of each was purposely raised in 
order to compare our data at higher intensities of the factors. 

In spite of material difference in the leaves which were gathered from 
plants of three different types, curves (figs* 2, 3) differing only in magni- 
tude but essentially similar in nature to the one obtained for sugar cane 
were secured in these two cases as well (tables II and III). 

TABLE III 

Epfect op COj concentration on rate op carbon assimilation by mature leaves op 

LINSEED, 1150 S 

Temperature, 30.0® C. 

Illumination, 1875 c.p. half-watt Phillips bvlb at 16 cm. distance 


Date 

Experiment no. 

CO. CONCENTRATION 

Beal assimilation 
per 100 SQ. CM. 
per hr. 



% 

1 'nig. 

March 8, 1932 

25 

0.05 

3.24 

February 1, 1933 

26 

0.124 

7.94 

‘‘ 2, 1933 

27 

0.172 ! 

1 

9.23 

February 3, 1933 

28 

0.32 1 

9.23 


Medium and high intensities of light were also used on sugar cane to 
test the nature of the reaction as affected by increased illumination. Table 
IV includes three experiments with medium light intensity. 


TABLE IV 

Eppect op COj concentration on rate op carbon assimilation by mature leaves op 

sugar cane, VAR. Eeori 

Temperature, 30.1® C. 

Illumination, 375 c.p. halp-watt Phillips bulb at 16 cm. distance 


Date 

(1932) 

1 

j 

, Experiment NO. 

COj concentration 

Beal assimilation 
PER 100 SQ. CM. 

PEE HR. 



% 

mg. 

May 7 

6 

0.011 

i 0.680 

8 

7 

0.121 

2.391 

9 

i 

0.407 1 

2.510 


The readings (table IV) show an initial rapid increase in the rate of 
assimilation, followed by a more or less stationary phase. In this case 
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there is a wider range in assimilation than in the previous case. The 
intensity of the reaction is greater in the present case, however, because 
of the greater supply of energy now available. 

A series of experiments was performed also with higher light intensity. 
In this series, as is evident from the curves shown in figure 1 and the values 
in tables V and VI, the nature of the reaction as judged by the rate of 
assimilation remains the same, differing only in intensity and magnitude. 

TABLE V 

Effect of CO, concentration on bate of carbon assimilation by mature leaves of 

SCGAR cane, VAR. BeORI 

Temperature, 30.1® C. 

Illumination, 1500 c.p., half- watt Phillips bulbs at 16 cm. distance 


Date 

(1932) 

Experiment no. 

COj concentration 

Real assimilation 
per 100 SQ. CM. 

PER HR. 



% 

mg . 

July 12 

10 

0.011 

1.48 

11 . 

9 

0.036 

1.964 

13 

1 11 

0.124 

6.100 

18 


0.403 

6.38 


TABLE VI 

Effect of CO, concentration on rate of carbon assimilation by mature leaves of 

sugar cane, VAR. ReORI 

Temperature, 30.1® C. 

Illumination, 1875 c.p., half-watt Phillips bulbs at 16 cm. distance 


Date 

(1932) 

Experiment no. 

CO, concentration 

Real assimilation 

PER 100 SQ. CM. 
per hr. 



% 

mg . 

July 19 

13 

i 0.0476 

3.303 

‘‘ 20 

14 

o.m 

6.290 

21 

15 

0.172 

7.770 

22 


0.388 

i 

7.920 


It is thus seen (table VI) that a higher light intensity increases the rate 
of photosynthesis several-fold. The higher rate is possibly correlated with 
the greater supply of available energy, and in fact it was not practicable 
within the limited time at our disposal actually to determine the conoentra- 
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tions at which the toxic or inhibitory effect comes into prominence, since 
the leaves could endure sufSciently high OOj concentration, up to ten times 
higher than that in the field, under very high intensities. Several readings 
were not possible for each light intensity since the investigations neces- 
sarily had to be finished within a limited stage in the life cycle of crops in 
order to avoid the effect of age and developmental stage on assimilation. 

The curves of figure 1 indicate that with the higher intensities of light, 
the ascending phase becomes more and more characteristic and prominent. 
The magnitude of the ascending phase in contradistinction to the level 
phase is greater as we use higher light intensities, and it may therefore be 
expected that if an unlimited supply of light energy be available, together 
with a continuous and increasing supply of carbon dioxide, the inflexion 
phase may be entirely lost, the reaction proceeding in a linear fashion. But 
how far such a type of curve can be expected in practice is a matter for 
experimentation. It is just possible that, even with all the external factors 
supplied at maximum level, the nature of the reaction may remain the same 
on account of the control of the process by physiological or internal factors, 
namely, the specificity of the plant, the nature of the products formed, the 
chlorophyll apparatus, the water content, etc. 

Light intensity and assimilation 

That light is essential for photosynthesis is well known, but owing to the 
complexities introduced by the simultaneous influence of other factors, 
carbon dioxide and temperature, it becomes difficult to gauge the relation- 
ship at its correct value. For example, as already shown, the influence of 
carbon dioxide on the rate of assimilation is found to be dependent upon 
light, the rate rising with increased intensity. It is also known that tem- 
perature influences the rate, a rise being obtained by raising the tempera- 
ture until a certain degree is reached followed by a decline with further 
rise in temperature. These facts lead one to conclude that in investigating 
the influence of light, the simultaneous influence of two other factors, 
carbon dioxide and temperature, must be taken into consideration. 

In the present study, which does not aim at a detailed investigation of 
the problem but is simply concerned with the determination of the light 
intensity required to deplete the normal concentration of carbon dioxide, 
the effect of increasing light intensity on the rate of photosynthesis has 
been tested at four different concentrations of COj both below and above 
that normally present in air. 

Zebo pbbcentage external CO 2 concentration. — ^Under such a con- 
dition the plant is not in a position to utilize any other COj except that 
which it is itself evolving during the downgrade process of respiration. 
The readings obtained under such conditions are given in table VII. 
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TABLE VII 

ErPECT OF LIGHT INTENSITY ON RATE OP CARBON ASSIMILATION OP MATURE LEAVES OP 

SUGAR CANE, VAR. BeORI 

Temperature, 30.1® C. 

CO2 CONCENTRATION, 0.0 PER CENT. 


Date 

(1932) 

Experiment no. 

Illumination 

Beal assimilation 
PER 100 SQ. CM. 

PER HR. 



c.p. 

mg. 

July 1 

1 

i 

90 

0.403 

** 7 . .. 

6 

! 

375 

0.680 

12 

10 1 

1500 

1.480 

' ' 13 

40 j 

1875 

1.480 


It is seen that the rates of assimilation at 90, 375, 1500, and 1875 c.p. 
are 0.4, 0.68, 1.48, and 1.48 mg. respectively per hour. This shows that the 
respiratory carbon dioxide, which is the only carbon dioxide available for 
photosynthesis under such circumstances, is not all used at lower light 
intensities. Experiments 1 and 6, dealing with 90 and 375 c.p. respectively, 
show that under these light intensities the plant is not in a position to 
synthesize what it respires. As the light intensity is increased the photo- 
synthetic value rises, and ultimately the leaf is able to utilize the total out- 
put of carbon dioxide (experiment 10). When the two processes balance 
each other, Le,, when the compensation point is reached, no more increase 
in tlie readings is obtained with further increase in light intensities. 

What is the nature of the reaction at this stage, namely, how far does 
the photosynthetic chain of reactions proceed and how are they correlated 
with the opposite series of reactions connected with the respiratory process! 
Answers to these questions may throw light on the nature of the two inter- 
related reactions. 

Atmospheric concentrations of CO^. — Since all the plants grew under 
this concentration it was thought advisable to investigate the effect of 
increasing illumination on the rate of photosynthesis under such atmos- 
pheric percentage of COg in the case of different plants. Besides the sugar 
cane leaves which were subjected to detailed investigation, leaves of wheat 
and flax were experimented upon also. 

The readings obtained for sugar cane leaves under this concentration 
and different light intensities are shown in table VIII, 

It is evident that with higher light intensities (90 to 1875 c.p.) the rate 
of assimilation increases from 1.05 to 2.23 mg. Even at the high light 
intensity of 1500 c.p. the readings show an increase when the intensity is 
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TABLE VIII 

EirrEOT or light intensity on rate of cakbon assimilation of mature leaves or 

BUOAE CANE, VAE. BeOBI 

Temperatuek, so.!” C. 

OONCENTBATION, 0.06 PEE CENT. 


Date 

(1932) 

1 

Experiment no. 

Illumination 

Beal assimilation 
PER 100 SQ. cm. 

PER HR. 



c.p. 

mg. 

July 2, 3932 

2 

90 

1.05 

March 6, 1933 

17 

375 

1.52 

“ 7, 1933 

18 

1500 

2.1 

“ 8, 1933 . 

19 

1875 

2.23 


increased to 1875 e.p. The constant phase of the activity could not be 
determined on account of lack of higher light intensities. The rates of 
assimilation of wheat leaves under the different light intensities and atmos- 
pheric concentration of COj are shown in table IX. 

TABLE IX 

Effect of light intensity on bate of caebon assimilation of mature leaves or 

WHEAT, PUSA 4 

Tempebatube, 30.0° C. 

CO, OONCENTBATION, 0.05 PEE CENT. 


Date 

(1933) 

Experiment no. 

Illumination 

Beal assimilation 
PER 100 SQ. CM. 

PER HR. 



c.p. 

mg. 

March 9 

; 20 

375 

, 2.05 

10. 

21 

1500 

2.74 

‘‘ 11 

22 

1875 

2.82 


On comparing the rates (table IX), it is clear that the results with 
wheat are rather similar, the rate rising with the light intensity. The 
readings at 1500 and 1875 c.p. are 2.74 and 2.82 mg. There is not much 
difference between the two, however, and we can say that 1875 c.p. is suffi- 
cient to deplete all the carbon dioxide normally present in the atmosphere. 

Linseed plants showed contrasting results. The readings at 375, 1500, 
and 1875 e.p. are shown in table X. The rate of assimilation does not rise 
with increase in light intensity beyond 1500 c.p. 
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TABLE X 

Effect of light intensity on rate of carbon assimilation of mature leaves of 

LINSEED^ 1150 S 

Temperature, 30.0® C. 

CO 2 concentration, 0.05 PER CENT. 


Date 

(1932) 

Experiment no. 

Illumination ! 

Beal assimilation 
per 100 SQ. CM. 

PER HR. 



c.p. 

mg. 

March 16 

23 

375 

2.72 

17 

24 

1500 

3.24 

18 

25 

1875 

3.24 


Prom the results obtained with regard to the influence of light on the 
photosynthetic rate of the three crop plants, it is seen that while light inten- 
sity of 1875 c.p. and more is necessary for maximal values in the cases of 
wheat and sugar cane, an intensity of 1500 is sufficient for linseed. In 
other words, linseed plants under normal conditions of COg require less 
light intensity for attaining their optimum value than do sugar cane and 
wheat. Whether such differences are in any way connected with the nature 
of the end product of the upgrade process (sugar in sugar cane, starch in 
wheat, and oil in linseed) is a problem requiring further investigation. 

Medium COg concentration. — Only the sugar caue leaves were the sub- 
ject of experimentation under medium concentration of carbon dioxide. 
The rates of assimilation are shown in table XI. 

TABLE XI 

Effect of light intensity on rate of carbon assimilation of mature leaves of 

sugar cane, VAR. ReORI 

Temperature, 30.1® C. 

COj concentration, 0.12 per cent. 


Date 

(1932) 

Experiment no. 

Illuminatiok 

Beal assimilation 
PER 100 SQ. CM. 

PER HR. 



j 

mg. 

J uly 4 


I 

1.005 

8 

7 

376 

1 

2.391 

18 

11 

1 ! 

1500 

6.10 

20 

14 

j 1875 

6.25 
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There is a clear and characteristic rise similar to that observed under 
normal concentrations above, but differing in magnitude. Under such a 
concentration the rise is more or less proportional to light intensity (fig. 
4). The stationary phase could not be secured, owing to the lack of suffi- 
ciently strong light which we had not at our disposal when the investiga- 
tions were in progress. 

Optimum CO 2 concentration. — ^In this case the values as shown in 
table XII indicate the rate of photosynthesis of sugar cane leaves. 

TABLE XII 

Effect or light intensity on rate of carbon assimilation of mature leaves of 

SUGAR CANE, VAR. ReORI 

Temperature, 30.1® C. 

COj concentration, 0.4 per cent. 


Date 

(1932) 

Experiment no. 

1 

Illumination 

Real assimilation 
per 100 SQ. CM. 

PER HR. 



r.p. 

mg . 

July 6 

5 

90 

-0.96 

9 . 

8 

375 

2.51 

18 . . . 

12 

1500 

6.38 

22 

16 

1875 

7.92 


The curves shown in figure 4 display a direct proportionality between 
light intensity and the rate of assimilation from 375 c.p. onward, showing 
that light governs the reaction under conditions of optimum CO 2 concentra- 
tion. At 90 c.p. the intensity of light is too feeble for this high concentra- 
tion of CO 2 , under w^hich circumstances the carbon dioxide exerts its toxic 
effect as shown by negative photosynthesis. 

The nature of the reaction as measured by the CO 2 intake under differ- 
ent concentrations of CO^ at different light intensities (fig. 4) shows at 
first an ascending phase but the steepness of the curve depends upon the 
concentration of carbon, dioxide. The richer the environment the higher 
is the angle of curvature and the higher the values. In the case of a zero 
percentage CO 2 concentration the curves become flattened when light in- 
tensity is raised from 1500 to 1875 c.p., showing that under these conditions 
CO 2 is limiting the rate. But such a stationary phase was not observed at 
1500 and 1875 c.p. in the case of higher concentrations. This shows that 
under higher concentrations of carbon dioxide the existence of the station- 
ary phase requires very high light intensity, a theory which has still to be 
experimentally supported. 
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Figs. 4~6. Light and assimilation curves. Above, sugar cane; middle, 'wheat; 
below, flax. 

In the light of Blackman’s theory, curve no. 1 (fig. 4) can be explained 
as consisting of two parts, an ascending phase when light is limiting and a 
stationary one when COj is limiting. In the ease of other curves we have 
only the ascending phase, indicating a stage when light is always limitini;. 
The curves can equally be explained on the basis that during the ascending 
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phase the light intensity is in relative minimum and during the stationary 
phase the other factor, COj., falls short of the requirement. 

We shall discuss critically the relative importance of the theory of limit- 
ing factors and that of relative minimum after we have dealt with the third 
factor, namely, temperature. 

Temperature and assimilation 

Under ordinary conditions in the field, the COj concentration during 
the day does not increase to a great extent. The values are more or less 
stationary, but so far as the temperature is concerned it shows decidedly 
wide fluctuations. In order to determine the optimum temperature under 
normal concentration of carbon dioxide, a series of experiments as shown 
in table XIII was performed. 


TABLE XIII 

EPTBCT or TBMPEEATCEE ON KATE OP CARBON ASSIMILATION OF MATl'RE LEAVES OF SCOAE 

CANE, VAB. BEORI 

CO, CONCENTRATION, 0.05 PER CENT. 

Lioht intensity, 1876 c.p. 


Date 

(1932) 

Experiment no. 

Tempeeatcrp j 

1 Beal ASSIMILATION 

1 PER 100 SQ. CM. 

1 PER HR. 




mg . 

July 19, 1932 

13 

\ 30.1 

3.03 

March 9, 1933 

36 

23.0 

2.3 

11, 

38 

34.0 

3.2 

<< 12, 

39 

39.0 

3.05 


Only four temperatures, which came within the purview of fluctuations 
within these regions and to which the plants are subjected at this time 
of the year, were selected: 23”, 30°, 34°, and 39° C., it being considered 
unnecessary to go above or below these temperatures. In each case light 
intensity sufiSciently high so as not to limit the rate was used. The concen- 
tration of carbon dioxide was the same as that obtained in the field. 

Prom the values shown (figs. 7-9), it is clear that the rate of assimilation 
rises with rise in temperature for some time, followed by a decline. Two in- 
fluences seem to be at work : first, the effect of temperature in raising the 
amount of assimilation of which the leaf is capable; second, an injurious 
effect which becomes more and more prominent with high temperature. 
The rate at any point is therefore the result of an accelerating as well as 
of a depressing effect of temperature. But at higher temperatures a 
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point is reached when the acceleration due to increased temperature is 
balanced by the depressing action. This point gives the maximum assimi- 
lation and lies for sugar cane leaves near 34° C. ; but, as may be seen from 
the individual readings in experiment 38, the initial value is not maintained 
very long. 

At temperatures higher than 34° C. the injurious effect gains ascendency 
and there is a fall in the rate of photosynthesis. The initial values are not 
maintained as can be seen from the individual readings in experiment 39. 
There is a rapid fall from hour to hour. The time effect sets in very soon 
at higher temperatures. 

A temperature near the optimum most suitable for study of photosyn- 
thesis would be about 30° C. At such a temperature the time effect is not 
marked for a suflScient period, as shown by the constancy of the readings 
in experiment 37. 


TABLE XIV 

EiTECT or TEMPERATURE ON RATE OP CARBON ASSIMILATION OP MATURE LEAVES OF 

WHEAT, PUSA 4 

COa CONCENTRATION, 0.05 PER CENT. 

Light intensity, 1875 c.p. 


Date 

(1933) 

1 

Experiment no. 

TEMPEKATURE I 

Ueal assimilation 
per 100 fiQ. CM. 
per hr. 

March 14 

32 

22.6 

1.72 

( 

‘‘ 15.. 

33 

27.0 

2.8 

11 

22 

30.0 

2.82 



®C. 

mg. 


TABLE XV 

Effect of temperature on rate or carbon assimilation or mature leaves of 

LINSEED, 1150 S 

COa concentration, 0.05 per cent. 

Light intensity, 1875 c.p. 


Late 

(1932) 

Experiment no. 

Temperature 

Real assimilation 
PER 100 SQ. CM. 

PER HR. 




mg. 

February 9 

34 

22.0 

2.72 

10 

35 

27.0 

3.22 

March 18 . ... 

25 

30.0 

3.24 
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With regard to the nature of the reaction, the studies show that Van’t 
Hoff's temperature coefficient between 23° and 33° C. would be in the 
vicinity of 1.4, characteristic of photochemical reactions. As to the exact 
nature of this reaction and the part it has in the chain of reactions in the 
photosynthetic process, we are not in a position to say much at present. 

Similar responses are found in the case of wheat and linseed leaves 
(tables XIV, XV). 

In these cases the optimum lies near 28° C., a lower temperature than 
that for sugar cane, probably owing to the comparatively cooler season in 
which flax grows and the consequent adaptability of the material to tem- 
perature. 

Discussion 

In the preceding pages we have briefly presented a quantitative study 
of assimilation under various light intensities and carbon dioxide concen- 
tration in the light of limiting factors and also of the relative minimum 
theories. How far these two conceptions hold good under different condi- 
tions we shall now discuss. 

Limitations of law op limiting factors 

The essence of this law is that only one factor, that which is slowest, 
governs the rate of the process, which can be accelerated only by increasing 
the intensity of this factor. For example, if the rate of the reaction is 
limited by COj, only increase in its concentration will increase the photo- 
synthetic rate. Taking a concrete case, we find that under atmospheric 
concentrations of 0.05 per cent. COj and light intensity of 90 c.p. the rate 
of assimilation is 1.05 mg. (experiment 2). If we increase the concentra- 
tion to 0.08 per cent, the rate of assimilation also increases to 1.15 mg. 
(experiment 3). Under 0.05 per cent, carbon dioxide concentration, there- 
fore, the COj is the limiting factor, for by an increase in its concen- 
tration is the rate accelerated. Inquiry as to whether an increase in other 
factors under the same COj concentration brings about greater assimilatory 
activity was made, and it was noted that under this limiting condition of 
COj the rate also could be increased to 1.964 mg. by increasing the light 
intensity to 1500 c.p. (experiment 9). The readings increase by increasing 
both the concentration of COs and the light intensity. 

Several other experiments were conducted to see whether the peculiarity 
observed at this light intensity and COj concentration holds good under 
other conditions. Taking a few examples, the rate of assimilation at 1500 
c.p. and 0.12 per cent. CO* concentration is 6.1 mg. (experiment 11). 
When the CO* concentration was raised to 0.403 per cent, under the same 
light intensity the rate of assimilation rose to 6.38 mg. (experiment 12). 
On the other hand, when under approximately similar concentrations of 
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0.12 per cent, the light intensity was increased to 1875 c.p. the rate rose to 
6.29 mg. (experiment 14). Here also we notice a rise in the activity by 
changing either the COg concentration or the light intensity to higher units. 

These experiments indicate that it is not merely one factor that deter- 
mines the rate, as Blackman claims, but that the pace of the reaction is 
determined by at least two factors. Whether by varying the third, namely, 
temperature, the rate is increased or not we are not in a position definitely 
to say. 


Limitations of theory op relative minimum 

As opposed to Blackman conception, Harder (6) holds that of the 
two factors, light intensity and COg concentration, the one that is present 
in the minimum governs the pace of the reaction to a greater extent. We 
have explained the nature of the curves showing the relationship of COg 
concentration and light intensity on the basis of this theory, but to test how 
far it holds good under diiferent circumstances a number of experiments 
were conducted. 

Experiment 9 shows that the rate of assimilation under 1500 c.p. and 
0.036 per cent. COg is 1.964 mg. An increase in COo concentration to 
0.124 per cent., i,e,, 3.5 times, increases the photosynthesis to 6.1 mg. 
(experiment 11), i,e,, 3.1 times. In other words, the per unit increase in 
CO 2 concentration increases the rate by 0.88 times. On the other hand, 
when the light intensity is increased to 1875 c.p. (1.25 times under more or 
less similar CO 2 concentrations) the readings are increased to 3.303 mg. 
(experiment 13), i.e., 1.63 times. In other words, with per unit increase in 
light intensity the assimilation rate increases 1.3 times. Thus under similar 
conditions (0.03 per cent. CO 2 concentration) unit increase in COg brings 
about 0.88 times increase and unit increase in light accelerates 1.3 times, 
showing that the reaction is more controlled by light even at high light 
intensities of 1500 c.p. Here the CO 2 concentration is apparently very 
small while the light is sufi&ciently high, and therefore the rate, according 
to the theory of relative minimum, should be governed by COo concentra- 
tion, an idea contrary to the experimental results obtained. 

Several experiments were also carried out to test the applicability of 
the theory to lower light intensities. Experiment 2 shows the assimilation 
reading at 90 c.p. and 0.051 per cent. CO 2 concentration. The rate of 
photosynthesis is 1.05 mg. When the CO 2 concentration is increased to 
0.08 per cent., i.e., 1.58 times, the assimilation increases to 1.15 mg. (experi- 
ment 3), or 1.09 times. For unit increase in COg concentration, therefore, 
an increase by 0.69 times is marked in the rate of the reaction. On the other 
hand, when the light is increased to 1500 c.p., i.e,, 16.6 times, the rate under 
approximately similar concentrations of COg is 1.964 mg. (experiment 9), 
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an increase of 1.87 times. In other words, for unit light increase there is 
acceleration by 0.11 times only. Under low light intensity, therefore, the 
rate is controlled by CO^ concentration and not by light intensity. 

A third aspect remains to be settled, to determine how far the relative 
minimum theory holds good at high concentrations of COg. Several experi- 
ments were designed to prove its applicability. Under 375 c.p. and 0.121 
per cent. COg concentration the rate of assimilation is 2.391 mg, (experi- 
ment 7). This is increased to 2.51 mg., i.e,, 1.08 times when the COg con- 
centration is raised to 0.407 per cent., by 3.36 times. On the other hand, 
when light is raised to 1500 c.p., Le,, by four times under the same concen- 
tration, the rate is 6.1 mg., an increase by 2.55 times. For unit increase 
in COg concentration and light intensity, therefore, there is an increase of 
0.32 and 0.637 times respectively. In this case also light is the determin- 
ing factor. 

These observations indicate that the relative minimum theory of Harder 
does not hold good under all conditions. In the majority of cases light, 
whether of low or high intensity, controls the rate of the reaction. The 
main reaction, namely, the relationship of unit COg increase to the rate of 
assimilation, remains practically the same, the results under low^ COg con- 
centration and high and low intensities of light being 0.88 and 0.69 times. 
The increase is practically constant under the different conditions men- 
tioned. Under very high light intensity a slight increase is marked, proba- 
bly connected with the fact that greater energy is available under the 
circumstances, which leads to a slight increase in the velocity of the photo- 
chemical phase. 

We have discussed the limitations of the limiting factor concept as well 
as of the relative minimum. The evidence relating to interaction of factors 
favors the view that the rate of photosynthesis is controlled neither by one 
factor alone (as was held by Blackman) nor by one or a set of two factors 
present in relative minimum (as claimed by Harder). Most probably each 
of the factors affecting the rate of photosynthesis has some definite influence 
on the rate of assimilation, depending upon the intensity of others, the 
different velocities of the reaction being brought about by changes intro- 
duced in the diffusion, photochemical, and chemical stages of the mecha- 
nism. Which of these phases is most affected by a particular factor 
remains to be determined, but since the whole process consists of a series 
of interlinked reactions, the effect wdiich a change in one factor brings 
about in a particular phase may induce slight modification in others as 
well, thus indicating that there cannot be a sharp line of demarcation 
between the changes produced by one or the other of the factors. 

But with all these minor details, the law of limiting factors in its broad 
sense appears to be of universal applicability and has therefore been a 
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means of interpreting simply and logically the phenomenon of photosyn- 
thesis in its various aspects. To us it seems that any relationship that is 
traced between the external factors alone, without taking into consideration 
the internal changes that take place in the mechanism itself, will not hold 
good under all circumstances. This is well supported by the present 
observations, and since the actual process is intracellular, the relationship 
if any has to be sought in the internal concentrations that these factors 
bring about rather than in the actual external intensities of the factors. 

Summary and conclusions 

As a preliminary step toward the analysis of growth in terms of assimi- 
lation and respiration, it was considered of importance to study the factors 
affecting these two processes. The present paper is an attempt to elucidate 
the relationship between the external factors light, temperature, and carbon 
dioxide and photosynthesis, special attention being paid to the concentra- 
tions and intensities in which they interact under ordinary natural condi- 
tions in the subtropics. 

The investigations have been mainly confined to wheat, linseed, and 
sugar cane plants and the rate of assimilation was determined by the con- 
tinuous current methods of Blackman. The following conclusions are the 
outcome of the present work : 

1. Under low light intensities the curves showing the relationship of 
CO 2 and assimilation are smooth, with no sharp break as observed by Black- 
man and his coworkers. The stationary phase is either absent or if present 
extends only to a small range. 

2. With higher light intensities also the curves in wheat and linseed are 
extremely regular, the only difference being that there is a big range of 
stationary assimilation with increasing concentrations of COo, the toxic 
effect not being so easily marked. 

3. The concentration of COg at which the readings are maximum de- 
pends upon light intensity. The higher the light intensity the higher is 
this optimum. These facts are probably correlated with greater availabil- 
ity of energy under high intensities. 

4. Under zero percentage of COg the rate of assimilation increases with 
increasing COg, until the respiratory output balances the assimilatory intake 
of COg, namely, the compensation point is reached. 

5. Light requirements of different crops vary, probably owing to the 
nature of the end products formed. 

6. Increase in temperature accelerates the rate of photosynthesis, the 
rise being the result of the accelerating effect of temperature on the one 
hand and its depressing effect on the other. The readings show a rise until 
the former is greater than the latter, an optimum being obtained when the 
two balance each other. 
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7. The time effect is earlier at higher temperatures. 

8. The optimum in the case of wheat and linseed lies at a lower tem- 
perature than in the case of sugar cane, probably owing to the colder climate 
in which these grow and their consequent adaptability toward temperature. 

9. It is not one factor that limits the rate of photosynthesis under any 
set of conditions; the velocity of the reaction is governed by at least two 
factors. 

10. Whether the CO 2 be in high or low concentrations under high inten- 
sities of light, the rate is always controlled by light. The theory of relative 
minimum is limited in application, partially holding good under very low 
intensities of light and low concentration of COg. 

11. Any relationship that is traced between the external factors alone, 
without taking into consideration the internal changes that take place in 
the process as well as the intensities in which the external factors reach the 
internal tissues, will not hold good under all circumstances. 

Depaetment or Plant Physioi^y 

Institute op AoRicrLnTRAL Besearch 
Benares Hindu University, India 
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TEMPERATURE AS A PREDETERMINING FACTOR IN THE 
DEVELOPMENT OP AVENA SATIYA^ 

Thora M. Plitt 
(with three figures) 

Introduction 

It has been shown that various conditions prevailing during the ger- 
mination of seeds or during the early seedling stages have more or less 
pronounced effects on the later development of plants. The most compre- 
hensive summary of such investigations is that of Kidd and West (14). 
The effects of different temperatures during the germination period on 
later plant development have been investigated by a number of workers. 
Appel and Gassner (1) reported that both summer and winter cereals 
were injured if their germination took place at unfavorably high tempera- 
tures. Qassneu (10) brought out the fact that certain types of oats lodged 
if they were germinated at 25° C. and then transplanted to the field. 
Lodging occurred even if the 25° temperature prevailed only during the 
first two days of germination. In either case indications of lodging 
appeared about five weeks after germination. Under these conditions the 
oats also failed to head and consequently to yield any grain. The detri- 
mental effects brought about by high temperature were apparently due to 
disturbances in the very complex chemical reactions in the plant. These 
findings are confirmed by those of Maximov (19). Walster (24), as a 
result of an investigation on the formative effects of high and low tempera- 
tures on the growth of barley, suggested that the course of development of 
barley is to a large extent predetermined at a very early stage in growth 
by the chemical e([uilibria within the seedling, especially the carbohydrate- 
nitrogen ratio. 

The present investigation was undertaken with the purpose of obtaining 
some indications as to what differences, if any, are produced in the ger- 
minating grains and in the seedlings of Avena because of the different 
temperature conditions prevailing during germination. 

Part I 
Methods 

A. Growing the plants 

Kherson oats, Nebraska 21 selection, kindly furnished by Dr. W. E. 
Lyness of the Agricultural Experiment Station of the University of Ne- 

1 Contribution from the Hull Botanical Laboratory, University of Chicago. 
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braska, were used. The Nebraska 21 oats were selected in 1907 from a 
field of Kherson oats originating from seed imported from Kherson, Russia, 
in 1896 ; this selection has since been grown continuously at the Station. 

The grains were first treated with a 0.25 per cent, solution of uspulun 
for about 20 minutes and then placed on porous porcelain plates in covered 
glass bowls. Water was placed in the bowls to reach part way up the sides 
of the plates, and more added later as needed. The bowls were then placed 
in a refrigerator at 5° or in a Minnesota type germinator at 25® C. 
according to the condition desired. These two temperatures were chosen 
because they had been used by Gassneb (10) in his investigation of grains. 

At the end of five days the entire grains were dried with absorbent 
paper, weighed, and placed in sufficient hot 95 per cent, alcohol to make a 
final extract of 80 per cent, alcohol. About 0.5 gm. of calcium carbonate 
was added to counteract any acidity in the sample. The whole was heated 
for about 30 minutes on the steam bath to stop enzymatic action, and set 
aside for a few days. The extract was then poured off and the grains 
ground in a mortar before reextraction with 80 per cent, alcohol. 

In order to investigate the seedlings, the grains were first treated with 
0.25 per cent, uspulun for about 20 minutes and then placed on moist cellu- 
cotton in petri dishes. After having been five days in the germinator or 
the refrigerator, the seedlings were planted in boxes built to fit into glass 
chambers, about 100 x 90 x 25 cm. These boxes were filled with good 
garden soil. In these chambers both the temperature and the humidity 
were controlled. The treatments given the plants are shown in table I. 

When the seedlings were three weeks old from the time they were first 
placed in the refrigerator or the germinator, the tops were cut off at the 
soil line, separated into two samples, weighed, and treated as previously 
discussed for the seeds. 

The grains in the resting condition were ground in an Enterprise mill, 
weighed, and extraction carried on as with the seeds. In this and in all 


TABLE I 

Treatment and growing condition or oats 



Germination tem- 

Subsequent grow- 

Percentage relative 

Lots 

peratitre roR 

ING temperature 

HUMIDITY DURING 


FIRST 5 DAYS 

rOR 16 DAYS 

THESE 16 DAYS 




% 

A 

AA 

5 

15.0 

70 

B . 

25 

26.4 

70 

C 

25 

26.4 

40 

D ... 

25 

15.5 

70 

E . . . 

5 

25.0 

70 
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the above cases, the second extract gave no reaction for reducing sugars, 
SO extraction was deemed to be complete. 

B. Chemical analysis 

Dry WEIGHT. — The percentage dry weight was obtained by heating the 
plant material in an oven at 103® C. for 30 minutes to stop enzymatic 
action, then at about 70® C. in a Cenco electric vacuum oven until constant 
weight was attained. 

Soluble carbohydrates. — The 80 per cent, extract was prepared for 
the soluble carbohydrate determinations by the tentative method XII, 37, 
(a) of the Methods of Analysis (2). Potassium oxalate was used to clear 
the solution of excess lead acetate as advocated by Loomis (16). Inversion 
was accomplished by the official, first action, method for sucrose XXVII, 
22 of the Methods of Analysis (2). The resulting reducing sugars were 
determined by the Kertesz variation of the Bertrand method (13). The 
soluble carbohydrates are calculated as glucose. 

Hydrolyzable carbohydrates. — ^Aeid hydrolyzable carbohydrates were 
determined upon samples taken from the dried and weighed residue left 
from the alcoholic extract. About 2 gm. of residue were accurately 
weighed and placed in flasks fitted with reflux condensers. Two hundred 
cc. of water and 12.5 cc. of concentrated hydrochloric acid were added and 
the whole boiled gently for three hours. The resulting solution containing 
the hydrolyzed products was filtered off and the wash water of the residue 
included with it. This was made up to 500 cc. An aliquot was neutral- 
ized with powdered sodium carbonate and the reducing sugars determined 
by the Kertesz variation of the Bertrand method (13). The acid hydro- 
lyzable carbohydrates are calculated as glucose. 

Soluble nitrogen. — The soluble nitrogen was determined from the alco- 
holic extract by the method recommended by Pucher, Leavenworth, and 
Vickery (22) with the variations of T. G. Phillips. These consisted in 
the use of copper sulphate crystals instead of mercury as a catalytic agent, 
and the omission of the use of potassium permanganate and of sodium 
thiosulphate at the completion of the digestion. 

Insoluble nitrogen. — Insoluble nitrogen was determined from the resi- 
due remaining from the alcoholic extract by means of the official method 
of Gunning, II, 22 of the Methods of Analysis (2). 

Total nitrogen is obtained by the addition of soluble and insoluble nitro- 
gen. Likewise total carbohydrates are obtained by the addition of soluble 
and hydrolyzable carbohydrates. 

C. Microchemical examination 

The methods used microchemically are as follows : 

Pectin. — Ruthenium red (1: 10,000) : red stain (8). 
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Starch, — ^Iodine potassium iodide: indigo. Chloral hydrate added to 
clear the tissues if the starch grains were small ( 8 ). 

Reducing sugars. — Modified Pehling test of cupric tartrate and 10 
per cent, sodium hydroxide, heated at about 40° C. for about two 
minutes ( 8 ). 

Silica. — Phenol crystals heated to dissolve them, then clove oil added to 
prevent recrystallization : pink sheen on silica deposits. The silica 
method is given in detail by Prohnmeyer (9). 

Proteins and amino acids. — ^Xanthoproteic reaction : yellow-orange ( 8 ) . 
Biuret reaction: blue to violet ( 8 ). Millon’s reagent: red (modi- 
fied by Bensley 4 ). Ninhydrin: blue. The solution (0.1 gm. nin- 
hydrin to 10 cc. water) is added to the section and left standing for 
one or two hours. Loew (16) has reported on the use of this re- 
agent. 

Aleubone grains. — Sections are placed in alcohol-ether for 15 minutes 
to remove fats, then left in borax carmine for about two hours. 

Hemicellulose. — Congo red : red stain in walls ( 21 ). Chlorzinc iodide : 
blue stain in walls ( 21 ). Solubility in hot 5 per cent, hydrocldoric 
acid ( 8 ). Polarizing microscope: walls anisotropic ( 21 ). 

Results 

A. Germination 

Grains germinated at 5° for five days have a markedly higher percent- 
age of dry weight than grains germinated at 25° C. for five days (table 
III). Their percentage dry weight based on the original weight of the 
grains is also higher (table III). There is no question as to the greater 
imbibition of water by the grains and seedlings at the higher temperature, 
as is evident from table II. The greater amount of water imbibed is prob- 
ably due to the fact that the seedlings at 25° were in a more advanced stage 
of development than the seedlings at 5° C. The seedlings at the higher 
temperature were in fact 2 to 3 cm. high, whereas those at the lower tem- 
perature showed the hypocotyls just breaking through. 


TABLE II 

Increase in tbesh weight or grains when germinated at 5° and at 25""* C. 

POR 5 DAYS 


Lots 

Germination 

temperature 
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weight 

Weight after 5 days 
or GERMINATION 



g ' m * 
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5 

100 

178 

H 

25 

100 

248 
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Germination at the lower temperature resulted in a somewhat higher 
percentage of hydrolyzable carbohydrates remaining in the grains, as is 
shown in the calculations based on the original weight of the grains before 
germination (table III). The higher percentage of hydrolyzable carbo- 
hydrates is probably due to the fact that starch hydrolysis proceeds more 
slowly at low temperatures than at high temperatures. Moreover at the 
higher temperature the more rapid respiration results in a greater con- 
sumption of carbohydrates. The total nitrogen does not, of course, differ 
materially. Thus the proportion of carbohydrates to nitrogen is somewhat 
higher at the lower germination temperature. The proportion of soluble 
to insoluble nitrogen is slightly lower under these conditions. 

B. Microchemistry 

There are several differences evident in seedlings germinated at the 
different temperatures. At low temperatures some starch is deposited as 
very small grains in the parenchymatous tissues of the coleoptile, the 
coleorhiza, the scutellum, the cortex of the root, and the root cap. At the 
higher temperature, liowever, starch is not deposited in the seedling, or if 
so, only a little which tends to disappear soon. In the resting grain there 
is no starch in the embryo. 

Another difference is in the amount of pectin produced. At low tem- 
perature there is pectin all through the coleoptile and the coleorhiza. It 
is especially abundant in the epithelium of the scutellum. There is some 
pectin present in the epiblast and in the root cap. At the higher tempera- 
ture pectin is present in similar amounts in the coleoptile, the coleorhiza, 
the epithelium of the scutellum, and the epiblast. But there was a great 
deal more pectin in the root cap and in addition there was considerable 
pectin in the epidermis of the root. The seedlings wfiich at this higher 
temperature had attained a height of about 2 cm. exhibited a great deal of 
pectin in the cell walls of the coleoptile. Pectin was especially prominent 
in all of the cell walls of the bundles of the coleoptile except the lignified 
xylem elements. Reducing sugars could not be detected in the embryo 
of the resting grain. In the grains germinating at 5° C. reducing sugars 
could not be detected until the third day ; even then there were only traces 
present which could not be localized satisfactorily. By the fifth day there 
was not much more in evidence. On the other hand, in grains germinating 
at 25® C. traces of sugar could be detected after one day. On the second 
day it was found present in the parenchyma of the root and coleoptile. 

The majority of the seedlings germinated for five days at 25® C. were 
2 to 3 cm. high, as stated previously. These seedlings were high in reduc- 
ing sugars, particularly in the cortical parenchyma and the epidermis of 
the stem; some appeared also in the primary leaves. This confirms the 



. TABLE III 

Analysis op gkains in the resting condition and after germination for 5 days at 5° and at 25° C. Calculations made on basis op dry weight 

(UPPER PART OP TABLE), ON BASIS OP FRESH WEIGHT (MIDDLE PART OP TABLE), AND ON BASIS OP ORIGINAL WEIGHT 

before germination (LOWER PART OP TABLE) 
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macrochemical findings of a considerably higher percentage of soluble 
sugars when germinated at 25° than when germinated at 5° C. (table III). 

The protein and amino acid tests, xanthoproteic, biuret, Millon, and 
ninhydrin, indicated a more rapid mobilization of these substances when 
germination took place at 25° than at 5° C. In the resting grain all these 
stains were positive in the embryo and the aleurone layer. The layer of 
large cells immediately below the aleurone layer was stained particularly 
with Millon ’s reagent. In the aleurone layer there are present many 
aleurone grains (borax carmine method) ; in these aleurone grains there are 
no inclusions. During germination at the lower temperature the growing 
point, the primary leaves, and the root gradually take deeper stains. The 
ninhydrin test shows the most change. Whereas in the resting grain only 
a faint blue rim of color is obtained about the edge of the cover glass, as 
germination proceeds the color becomes deeper and localized in the regions 
just mentioned; moreover this reagent seems to stain the vascular tissues 
particularly. At the higher germination temperature after one day the 
primary leaves and the root stand out. After two days the biuret reaction 
is purple in the growing point and the primary leaves, but bluish in the 
coleoptile and the root (especially the stele), possibly indicating differences 
in the protein units present. After three days in the germinator ninhydrin 
yields a deep blue color in the root tip, the stele of the root, the primary 
leaves, particularly in the vascular bundles, and in the bundles of the 
coleoptile. These reactions continue through the germination period. 

It was noted that in the resting grain the walls of practically all paren- 
chyma cells are irregularly thickened, particularly at the corners. These 
thickenings are stained blue by chlorzinc iodide and red by Congo red. 
They are soluble when the sections were heated to the boiling point in 5 
per cent, hydrochloric acid. Examination of the sections with the polariz- 
ing microscope before treating with acid show'ed these thickenings to be 
anisotropic ; but after the acid treatment this quality was lost. As growth 
proceeds these thickenings decrease slightly in the original regions but 
appear to become more prominent in the parenchyma of the leaves. This 
may be an instance of hemicellulose cell wall thickenings, possibly function- 
ing as a reserve food. 

Some 6-weeks old plants were examined for the distribution of silica. 
These plants had been germinated at 5° or at 25° C. for five days and had 
then been transplanted to a plot of soil in the greenhouse. Of the plants 
that were germinated at 5° C. individuals were examined which stood erect. 
The silica was deposited mainly in the walls of the short epidermal cells of 
the stem (fig. 1). There was also some deposition in the cell walls of the 
stomata. The irregular occurrence of circular dark spots in the walls of 
the long epidermal cells of the stem also represent silica deposited in the 
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Figs. 1-3. Fig. 1, epidermis of stem of 6-weeks old oat plants showing silicon 
deposit in cell walls of short cells particularly, some in stomatal cell walls, and traces 
in circular areas in long cells. Fig. 2, cross section of a leaf sheath of a 6-weeks old 
oat plant with silicon deposited in certain epidermal cells over the bundles. Fig. 3, 
epidermis of a leaf sheath of a 6-wecks old oat plant with silicon deposited in separate 
cells arranged in rows. 

cell walls as a fine network. Figure 2 shows the cross section of a leaf 
sheath, and figure 3 the longitudinal view. It will be noted that the 
silica is deposited in epidermal cells over the bundles, but that these cells 
as seen in top view are separated from one another by cells whose walls do 
not contain silica. A few of those plants which were germinated at 25® C. 
had lodged. These were examined for silica, but no differences were found 
between them and the erect plants. 

C. After three weeks 

The two series in the controlled chambers were run three weeks apart, 
but in immediate succession: May 5 to 26 and May 24 to June 15, 1931. 



TABLE IV 

Analysis of plants 3 weeks old grown at 15.5^ C. (first and third parts of table) and at 25‘^-26.4° C. (second and fourth parts of table). Upper half of 
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The increased day length in the second period increased all of the carbo- 
hydrate fractions, and did not cause any appreciable change in the nitrogen 
fractions (table IV, A and AA). Notwithstanding this increase in carbo- 
hydrates the two series are comparable, for the results show the same trend. 
Thus the proportion of carbohydrates to nitrogen is less in both A and AA, 
germinated at low temperature, than in B or D, germinated at the higher 
temperature. 

At the end of three weeks the seedlings grown at about 25® (table IV, 
B and E) were the taller regardless of the other conditions applied in these 
experiments. Seedlings germinated at 25® (table IV, B and D as com- 
pared with A A and E) exhibit a higher percentage of dry matter than 
those germinated at 5° C., also higher percentages of soluble carbohydrates 
and generally a higher percentage of total carbohydrates. There is a 
decidedly higher proportion of soluble to hydrolyzable carbohydrates: 
68.6:100 and 78.6:100 (B, D) as compared with 49.9:100 and 45.4:100 
(AA, E). 

Those plants which were germinated at 25® C. and grown at about the 
same temperature (table V, B) were higher in all the carbohydrate frac- 
tions and slightly lower in all the nitrogen fractions than those germinated 
at 5® and grown at 15® C. (table V, A). The total carbohydrates are 8 
per cent, higher and total nitrogen is about 0.9 per cent, lower ; hence their 
proportion of carbohydrates to nitrogen is decidedly higher. The propor- 
tion of soluble to hydrolyzable carbohydrates is also far higher than with 
the other treatment; 68.6 : 100 (B) at about 25® C. compared with 29.1 : 100 
at low germination and growth temperatures (A). 

At this age (three weeks) the proportions of soluble to insoluble nitro- 
gen did not seem to be correlated with any specific factor. P^or instance, 
the proportion of insoluble to soluble nitrogen is 100 : 25.6 when germina- 
tion took place at 5® and growth at 25® C. (table V, E) ; but another lot 
(AA) germinated at 5® and grown at 15.5® C. has a proportion of 100: 16.8, 
and yet another lot (B) germinated at 25° and grown at 25° C. has a pro- 
portion of 100 : 15.8. 

One lot of oats was genninated at 25® C. and grown at the same temper- 
ature but at a relative humidity of 40 per cent, (table VI, C) instead of 
70 per cent. (B). These plants did not produce so rank a growth as the 
plants grown at a humidity of 70 per cent., as may be seen from the 
measurements of their heights (table VI) ; and their percentage of dry mat- 
ter was slightly higher. The proportion of soluble carbohydrates to hydro- 
lyzable carbohydrates is slightly less. Since the percentage of total carbo- 
hydrates is less but the percentage of nitrogen about the same, the ratio of 
carbohydrates to nitrogen is slightly less when the humidity is decreased. 
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Discussion 

The greater imbibition of water and the greater growth of the seedlings 
at the end of the 5-day germination period with a temperature of 25® as 
compared with the behavior of seedlings grown for the same length of time 
at 5® C. is in agreement with the general findings as summed up by Barton- 
Wright (3). He states that not only does the temperature affect the rate 
of entry of water into the seed as well as the growth rate of the radicle, but 
it also affects the resistance of the seed coat to the extrusion of the radicle. 
Phaseolus vulgaris shows evidence of germination at 9® C., and the growth 
rate increases with rising temperatures to 36® and ceases at 46® C. Mini- 
mum, optimum, and maximum germination temperatures for rye are 1®, 
25®, and 36® C. respectively. The optimum points are somewhat depen- 
dent on the time factor. 

The results obtained concerning the amount of carbohydrates present 
in the low temperature seedlings are in agreement with the findings 
of Dickson, Eckerson, and Link (7) that 10-day old wheat seedlings 
grown at low soil temperatures are practically high carbohydrate plants. 

It is well known that plants respire more rapidly at higher tempera- 
tures than at lower ones. This fact is reflected in the percentage of dry 
weights obtained at the end of the first five days of germination at different 
temperatures. Day (6), in working with barley, measured the carbon diox- 
ide output for ten days at three different temperatures. He found that the 
average output per hour was greater at 60® P. than at 38®-43®, and still 
greater at 70°. Another feature was that the respiration increases to a 
maximum and then decreases again. At the lowest temperature given, this 
maximum occurs on the fourth and fifth days. But at the highest tempera- 
ture it is shifted to the third day. 

It seems likely that the greater amount of soluble sugar present in oat 
grains germinated for five days at 25® C. is associated with the fact that no 
starch is deposited in the embryo under those circumstances, whereas starch 
is deposited at the lower temperatures usually considered more favorable 
for the growth and development of this plant. In this respect the behavior 
of oats is similar to that of barley as reported by Brovtn and Morris (5). 

Increase in pectin materials at high germination temperature in oats 
parallels the results obtained in wheat (7). 

Lower germination temperatures are generally recommended as being 
more favorable for growth and development than higher ones. The differ- 
ent rates of hydrolysis of storage materials and of synthesis of new mate- 
rials at higher temperatures as compared with lower ones may conceivably 
affect the later development of plants, directly or indirectly. Thus at the 
lower temperature the starch in the endosperm is hydrolyzed more rapidly 
than the protein; also there is less vegetative growth than at the higher 
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temperature (7). In the present investigation both the macrochemical and 
the microchemical data seem to indicate that the rates of carbohydrate and 
protein hydrolyses and utilization are definitely affected by an increase in 
germination temperature. Zaleski (26) reports that as the protein in 
Lupinus augustifoUus is broken down, much asparagin appears. The 
amount of asparagin obtained increases with rise in temperature. The 
temperature coefficient follows the Van’t Hoff rule, Qio = 2.5, The indica- 
tions are that the slower rate of hydrolysis of protein at lower temperatures 
in oats makes for conditions of growth more favorable to the com- 
plete development of the plant. 

The most outstanding characteristic of the 3- weeks old plants which had 
been germinated at 25® C., regardless of the subsequent growing conditions 
here considered, was the marked increase of total carbohydrates in the tops 
of the plants over those germinated at 5® C. These high temperature 
plants had already reached the stage at which photosynthetic activity might 
begin, at the time the others were just breaking through the seed coats. 
Gregory (12) found in Cucumis sativus that the growth rate of leaf sur- 
face increases with the temperature, and that it is dependent on the area 
of the leaf surface already present. But on investigating the relative rate 
of increase (rate of increase per unit of leaf surface already present) he 
found it to be independent of the temperature. He states that the differ- 
ences in the final leaf area between plants grown at different temperatures 
must therefore be related to the time elapsing from germination before the 
photochemical process can begin, i,e., the time elapsing before expansion of 
the foliage leaves begins. This is a matter of growth and differentiation 
in the apex and has what he calls a normal temperature coefficient, 
Q,o = 2.5. Thus the delay in the development of the first leaf is determined 
by the temperature at which the developmental processes occur. He be- 
lieved that a nitrogenous leaf-forming substance is involved. Thus any 
later differences in leaf surface are caused by the speed with which the 
plant attained its first leaf. The present experiment seems to point to the 
conclusion that, since the seedlings at the higher temperature were further 
developed when transplanted from the 25® germinator to the chambers than 
those transplanted from the 5® C. refrigerator, they had the advantage of 
an earlier start in photosynthetic activity which expressed itself in a higher 
percentage of carbohydrates in the tops of the plants at the age of three 
weeks. 

Analyses of older plants, such as those of clover by Tottingham (23), 
indicate a higher percentage of polysaccharides in plants grown at 16.9® to 
23.3® C. than in those grown at 23.2® to 28.2® C. It may be a complicating 
factor that in this experiment he collected the plants grown at the higher 
temperature two weeks sooner than the others, in order that all might have 
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attained the same size for analysis. Yet he again obtained in buckwheat 
grown at 16.0 to 19° C, a percentage of polysaccharides higher than when 
grown at 20.5° to 25° C., with all of them harvested at the end of ten weeks. 
He attributes the decrease mainly to the impossibility of polysaccharide 
storage at higher temperatures because of greater consumption of sugars 
with increased respiration. On the other hand it is probable that different 
optima exist for different stages of development of a plant. Gassner (10) 
recommends for Uruguay oats a low temperature germination followed by 
a rapid rise in temperature in order to achieve maturity as early as possible. 

Furthermore McLean (20), in investigating effects of climatic condi- 
tions, using soy beans, came to the conclusion that temperature was the 
limiting condition for growth during the first two weeks in practically all 
cases. During the second two weeks of growth, however, with exactly the 
same environmental conditions, the moisture relation (rainfall-evaporation 
ratio) appears to have been the limiting condition, especially if the temper- 
ature was high. This must be due to a difference in the internal conditions 
of the plants at the different developmental stages. Growth during the 
early period consisted largely in stem elongation, which must have been 
accomplished at the expense of material stored in the seed. The rate of 
development of the plants was therefore probably dependent on the rate 
of hydrolysis of storage materials and of translocation from the cotyledons 
to the growing points, and hence dependent on the temperature. On the 
other hand, during the second two weeks while leaf expansion occurs, 
greater transpiration will increase the water requirement. So the moisture 
relation would be a greater factor than before. 

Appel and Gassner (1) report that various cereals, such as wheat, bar- 
ley, and oats, raised entirely in the warm greenhouse germinated rapidly 
and continued to grow rapidly. They had already attained a height of 15 
cm. when those in the cool greenhouse germinated. After three weeks, how- 
ever, the rate of growth of those at the high temperature decreased so that 
finally they were overtaken by those at low temperature. Walster (24) 
noted a similar phenomenon. Barley plants in the warm house, which were 
several inches high before the plants in the cool house had come up, during 
the first two weeks maintained a more rapid growth. But at the end of a 
month the plants in the cool house had outstripped those in the warm house 
in their growth rate. At the end of six weeks all of the plants in the cool 
house had outgrown those in the warm house. 

Analyses of plants at later stages than those made in this investigation 
may well yield interesting results. 

The findings concerning the highly localized deposition of silica agree 
with those made by Wyssling (26) in his survey of the distribution of 
silica in plants. Since the deposition of silica does not result in a continu- 
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ous structure, and since silica is only a very small part of the mechanical 
structure of the stem and leaf sheaths, it seems unlikely that it should be 
a factor in determining an erect or a recumbent habit of the plant. Rather, 
as set forth by Wyssling, it seems to be an excretion of a nonessential ele- 
ment absorbed in different quantities under differing conditions. 

Part II 

Other varieties of oats were tested for possible responses to different 
germination temperatures. Through the courtesy of the Agricultural Ex- 
periment Station at the University of Tennessee four varieties were ob- 
tained, Hatchett, Lee, Turf B, the Pulghum 699-2011. From the State 
College of Agriculture at the University of Georgia were obtained three 
other varieties, Fulghum, Norton, and Appier. Bach of these varieties was 
subjected to the following four germination conditions: {a) 2° for 5 days; 
(6) 25® for 5 days; (c) 2® for 2 days, then 25® for 3 days; (d) 25® for 2 
days, then 2® for 3 days. Treatment was begun on May 27, 1932. At the 
close of the 5-day period the germinating grains or seedlings were planted 
in a plot of soil in the greenhouse. On September 19 the experiment was 
terminated. 

Observations were made on dates of heading and possible evidences of 
lodging. In this series there appeared to be no clear correlation between 
the temperatures prevailing during germination and dates of heading 
(these dates were late in the season for oats). Dates of heading differed 
within a single variety, but no general trend was observable when compar- 
ing the different varieties. As for evidences of lodging, there was no bend- 
ing of the culms in the lower nodes or internodes. In a few cases the culms 
were leaning over or even broken, but this appeared to be the result of the 
method of watering. At times the temperature of the greenhouse rose con- 
siderably, even reaching 124® F. (51.1° C.). It seems obvious that these 
varieties of oats do not give a lodging response to high temperatures applied 
either early or late in the life of the plants. 

Part III 

In order to approximate more closely the experimental material reported 
by Gassner (10), some South American varieties of oats were tested. 
These were secured from Dr. Alberto Boerqer, Director of the Agricul- 
tural Experiment Station at Montevideo through the courtesy of Mr. Jose 
Richling, Consul General of Uruguay in New York. These oats are classi- 
fied as follows : 1095a belongs botanically to the species Avena hyzantina; 
BID belongs to the species A. satia, originating from a hybrid of two forms 
of this species; 64s, A, capa, represents a type native of Uruguay and be- 
longs to the species A. sativa, Gassner reports using Avena del pais’^ 
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or native Uruguay oats. The seeds falling to the ground in the field make 
pastures which are good for several years. Boerger states that although 
none of these samples was harvested in fallow land, it would be perfectly 
feasible to obtain them from such land owing to the fact that fallen seeds 
of any kind soon become transformed into what are called ‘‘avena gaucha’^ 
(wild oats) offering valuable pasture for winter and fall seasons. 

The investigation of the response of these oats to germination tempera- 
tures was undertaken in the laboratories of the Botany Department at 
Columbia University through the courtesy of Professor Sam F. Trelease. 
The oats were treated as previously, namely, germinated at 25° and 5° C. 
for five days and then planted in the greenhouse. Treatment of the grains 
was begun on March 25, 1933, and the plants were harvested on June 8. 

No lodging was observed in any of these plants. 

One lot of the oats headed, namely, the 64s oats which were germinated 
at low temperature (5° C.). All were bearing grain when harvested. A 
parallel series, but with germination taking place at 25° C., bore no grain 
whatsoever. Of the BID oats (5° C. germination) only one culm headed; 
of the 1095a oats none headed. The varieties are evidently quite distinct 
from one another, for Boerger reports the increased yield of the 64s oats. 
There are also differences in the vegetative portions of the plants; 1095a 
produces thin culms and fine leaves, BID thicker culms and broader leaves, 
and 64s the sturdiest plants. 

Such a difference in yield was reported by Gassner (10) when working 
in Uruguay; Uruguay oats kept for the first ten days at 6°“9° C. headed 
after two months, likewise those kept for ten days at 6°“9° then for two 
days at 25° C., and also those kept for the first five days at 6°~9° and then 
for two days at 25° C. But oats germinated at a constant temperature of 
25° C. failed to head by the end of eight months; even those which were 
exposed to a temperature of 25° only the first two days and then at 6°-9° 
C. for eight days failed to head. 

Gassner (11) further differentiates between summer and winter cereals. 
According to him the latter require a certain period of cold at some time 
in the life cycle in order eventually to go over into the reproductive phase. 
The summer cereals, on the other hand, will go over into the reproductive 
phase even without undergoing such a cold period, although they also 
appear to be influenced by such an exposure. Maximov (19), in testing 
Avena hyzantina, found that as the germination temperature was decreased 
from 26° to 0° C. the vegetative period was shortened from 80 days to 31 
days, and simultaneously the yield was increased. The principle of short- 
ening the length of the vegetative stage of grains seems to be applied on 
a large scale in Russia under the name of Jarovization. The methods em- 
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ployed and a consideration of the factors involved are presented by 
Lyssenko ( 17 , 18 ). 

It was thought that higher germination temperatures than 25° C. might 
cause greater disturbances in the growth of the oat plants. From June 20 
to July 24 a number of plantings were made in the greenhouse at the Uni- 
versity of Chicago ; these were observed until November 24, 1933. The oats 
were: Kherson oats Nebraska 21 selection, and the oats 1095a, 64s, and BID 
from Uruguay. The grains were first germinated for five days at 5°, 10°, 
25°, 30°, 32.5°, 35°, 37.5°, and 40° C., then planted in soil plots. 

The last two temperatures, 37.5° and 40° C., were evidently fatal, for 
none of the grains placed in these germinators ever germinated. At 35° 
C. there was a low percentage germination and subsequent growth was lim- 
ited. The other stands were fairly good; in no case, however, was any 
lodging observed. 

Only one variety headed, namely, the Kherson oats (Nebraska 21 selec- 
tion). This is very possibly due to the late date of seeding, for during the 
spring certain of the 64s oats did head. But of these Nebraska 21 oats 
only those germinated at 10° and 5° C. headed. These were placed in the 
refrigerators on June 20 and 26 respectively, and they began to head on 
August 22 and 29. In this respect these oats were similar to the 64s oats 
in the preceding series. In no case was any lodging observed. All 
through the growing period many of the plants were stooling, some of the 
plants having forty or more culms of all sizes at the end of the experiment. 
The factor operating to produce this unusual result was not determined. 

Summary 

1. Oat grains germinated at 25° C, for five days have a markedly lower 
percentage of dry weight than grains germinated at 5° C. when calculated 
either on the basis of fresh weight or on the basis of the original weight 
before germination. These differences are directly related to the rate of 
growth of the seedlings at the two temperatures, and the amount of carbon 
and hydrogen consumed in respiration. A somewhat lower percentage of 
starch remains in the grains when germinated at the higher temperature, 
and more water is imbibed by the grains than at the lower temperature. 
The proportion of soluble to insoluble nitrogen is slightly higher at the 
higher germination temperature. 

2. Microchemically it was found that whereas there is no starch in the 
embryo of oat grains in the resting condition, starch is deposited in the 
embryo during germination at 5° C. ; but little or none is deposited in the 
embryos germinated at 25° C. At the higher germination temperature 
there are more pectin and reducing sugars in the seedling than at the lower 
temperatures. 
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3. Protein reactions (microchemical) became more intense as germina- 
tion proceeded, gradually in the case of the lower temperature, much more 
rapidly at the higher temperature. 

4. Cell wall thickenings were found in the parenchyma of the embryo 
and the early seedling stages of the oats, giving reactions indicating the 
presence of hemicellulose. 

5. Seedlings grown at about 25° C. were the tallest in the series regard- 
less of the germination temperature ; they also had the lowest percentages 
of nitrogen. 

6. Seedlings which grew from grains germinated at 25° C. regardless 
of the later conditions applied in these series exhibited a higher percentage 
of dry matter than those germinated at 5° C., also higher percentages of 
carbohydrates, and the nitrogen percentages were lower. There is a higher 
proportion of soluble to insoluble acid hydrolyzable carbohydrates. 

7. Plants germinated and grown at about 25° C. were higher in carbo- 
hydrates and slightly lower in nitrogen; also the proportion of soluble to 
insoluble acid hydrolyzable carbohydrates is far higher than in plants ger- 
minated at 5° and grown at 15° C. 

8. The proportions of soluble to insoluble nitrogen varied. 

9. Oats germinated and grown at 25° C. but at a relative humidity of 
40 per cent, as compared with those at 70 per cent, made less growth ; their 
percentage of dry matter was slightly higher, and the percentages of carbo- 
hydrates were lower. 

10. The greater amount of carbohydrates in plants germinated at 25° 
as compared with that in plants germinated at 5° C. is believed to be caused 
by the fact that the seedling development is much further advanced at the 
time of transplanting, so that photosynthetic activity begins several days 
earlier. 

11. Silica in 6-weeks old plants was found to be deposited in the same 
manner in both erect and recumbent plants. It is highly localized in cer- 
tain cells and these cells form no consecutive structure. Hence silica is 
believed to be a negligible factor in the supporting mechanism of the plant. 

12. High temperatures during the very early phases of germination of 
oats had much less effect on lodging of oats than the work of Gassner indi- 
cates. No temperature treatment during early germination was found that 
would consistently cause lodging to develop, either immediately or in later 
life. 

Appreciation is expressed to Dr. Charles A. Shull for his interest and 
guidance, and to Dr. S. V. Eaton for his assistance with the microchemical 
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ABSORPTION OF SULPHUR DIOXIDE BY ALFALFA AND ITS 
RELATION TO LEAF INJURY^ 

Moyeb D. Thomas and Gbo. E. Hill, Jr. 

(with five figures) 

Introduction 

A knowledge of the amount of sulphur dioxide which must be absorbed 
by vegetation in order to produce a definite amount of leaf destruction, 
rather than the amount to which vegetation may be exposed, is funda- 
mental to an understanding of the smoke problem. It is particularly im- 
portant to know the relations existing between the rate of absorption and 
the total quantity of absorption of the gas and the extent of leaf destruction, 
since it will be shown that sulphur dioxide absorbed in the leaves of alfalfa is 
rapidly converted into a much less toxic form. Moreover, the rate of absorp- 
tion in a given plant system varies widely under different environmental 
conditions. The most important consideration, therefore, is not the con- 
centration of the sulphur dioxide in the air alone, but rather the concentra- 
tion, the duration of the fumigation, and the rate at which the gas is ab- 
sorbed by the plant, taken together. Accordingly an exposure which might 
cause severe injury under one set of conditions might be entirely harmless 
under another set. In the absence of data showing the rate of absorption it 
is impossible to say whether the different effects which are produced by a 
given set of exposure conditions are due to different quantities of gas ab- 
sorbed or to different degrees of susceptibility. 

Earlier work in this field has been concerned primarily with the effect 
of duration and intensity of exposure to sulphur dioxide in producing in- 
jury on vegetation. A study of the absorption of the gas by chemical analy- 
sis of the leaves has usually been incidental and apparently carried out to 
show that the sulphur content of the tissue actually increased owing to the 
fumigation treatment. The analytical data in the literature, therefore, do 
not show definitely the amount of absorbed gas which was associated with a 
definite amount of leaf destruction. Stoklasa states ( 4 , p. 156) that 0.175 
per cent. SOg in lupines, 0.379 per cent, in corn, and intermediate amounts 
in other crops (expressed as percentage of the dry plant tissue) have been 
observed to exert a harmful influence. These data seem to represent the 

1 Contribution from the Department of Agricultural Eesearch of the American Smelt- 
ing & Beiining Company, Salt Lake City, Utah. Grateful acknowledgment is made to 
Milton B. Beentson, John N. Abersold, Evan Harris, A. F. Barney, Ivan E. Bur- 
ooYNE, Thomas Bunkall, Lynn Brown, Georoe Gardner, Karl Harris, J. Bussell 
Smith, and Hugh W. Peterson for their help in carrying forward this work. 
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order of magnitude of the effect at least for short fumigations* In many 
cases, however, material for the analyses was not taken immediately before 
and immediately after the fumigation treatment, in which cases the analyt- 
ical data are of very doubtful value for indicating the absorption effect. It 
has been shown in an earlier paper from this laboratory (8) that satisfac- 
tory absorption data can be obtained either by analyses of the leaves for 
total sulphur or by continuous analysis (6, 7, 8) of the SOg-air mixture 
before and after contact with the vegetation. In the former method great 
care is necessary^ in taking the samples of vegetation. The latter method 
offers the advantage that it eliminates sampling errors and also shows the 
progress of the absorption. Its principal disadvantage lies in the necessity 
of applying a correction because of absorption of the gas on the walls of the 
fumigation chamber. 

In this paper the amounts of absorbed sulphur dioxide which cause dif- 
ferent amounts of leaf destruction in alfalfa are considered. Also the rela- 
tions existing between the duration and intensity of exposure are analyzed 
with reference to rate of absorption of the gas by the plant and the atten- 
dant leaf destruction. Most of the experimental data have been obtained 
by the method of continuous air analysis. 

Experimental method and results 

During the seasons from 1927 to 1931 a considerable number of fumiga- 
tion experiments were conducted with the idea of studying the rate of ab- 
sorption of sulphur dioxide by alfalfa and the relation of the quantity of 
absorbed gas to the leaf destruction. The work of 1927 was of a prelimi- 
nary nature, but in 1928 and subsequent years quantitative absorption data 
were obtained. The fumigation apparatus and technique (1) and also the 
analytical methods (6, 7, 8) have already been described. Field plots 5 feet 
square were covered with a gas-tight celluloid-covered cabinet through which 
a controlled mixture of SO^ and air was passed. The concentrations of sul- 
phur dioxide and the air volumes at both the intake and outlet of the cabinet 
were determined. The light intensity, temperature, and relative humidity 
in the cabinet were also measured, A careful estimate was made of the per- 
centage of leaf area destroyed by fumigation on each plant, as described in 
the preceding paper (1). Many representative stems were taken from the 
' field at intervals of 5 to 7 days throughout the growth of the crop, from 
which the growth curve, and ratio of leaves to stems, as well as leaf area, 
were found. Prom this information and the harvest weight of the crop, the 
weight and area of the leaves at the time of fumigation could be closely 
approximated. Further, the amount of gas absorbed when the cabinet was 
placed on bare soil was studied. The absorption by the soil was found to 
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be appreciable, but when the ground was covered with celluloid only a small 
amount of absorption could be attributed to the cabinet, unless the relative 
humidity was more than 80-90 per cent. In the fumigation work, all ex- 
posed soil under the plants was covered with celluloid and the absorption 
data were corrected for the amount of absorption by the cabinet under sim- 
ilar conditions of fumigation. 

The experiments for 1928 to 1930, inclusive, are plotted in figure 1, 
in which the ordinate is the percentage of leaf area destroyed, and the 
abscissa the amount of sulphur dioxide absorbed, calculated as parts per 
million of the drj’ weight of the leaves. The duration of all the fumiga- 
tions in charts A and B was between 60 and 100 minutes. The data are 
segregated into four groups with different types of points, according as the 
plots had full sunlight or were shaded, and according as the relative hu- 
midity was more or less than 80 per cent. 

In spite of the fact that the individual points of each group in figure 1 
are scattered over an appreciable area of the chart, they clearly tend to 
follow a straight line course, thus showing that the percentage of leaf de- 
struction is in direct proportion to the amount of sulphur dioxide ab- 
sorbed. If any relationship other than linearity exists between leaf destruc- 
tion and absorption of sulphur dioxide, it is not evident in figure 1. The 
equations of the best fit straight lines, found by the method of least squares 
through the different types of points in figure 1, are as follows : 

Curve A: Summarizing fumigations in which the plants were ex- 
posed to full sunlight and the relative humidity was less 
than 80 per cent. : 

x = 822 + 35.6y (1) 

in which y is percentage of leaf destruction, and x is SO^ absorbed, calcu- 
lated as parts per million of dry leaf tissue. The equation states that it re- 
quires the absorption of 822 p.p.m. SOj to cause any leaf destruction at all, 
and the absorption of 4382 p.p.m. to bleach the leaves completely, under the 
conditions which obtained in these experiments. The coefficient of correla- 
tion, r, of this curve is 0.792, and the standard deviation of an individual 
absorption, S*, is 527 p.p.m. The number of fumigations represented, n, is 
131, and their average duration 1.35 hours. 

Curve B : Summarizing experiments in which the plants were shaded 
and the relative humidity was less than 80 per cent. : 

x = 1003 + 38.5y ... (2) 

n = 67 
r = 0.795 
Sx = 538 p.p.m. 

Average duration of fumigation = 1.43 hours. 
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Fio. 1, Effect of absorption of different amounts of sulphur dioxide, calculated as 
p.p.m. of dry leaf tissue, upon destruction of the leaves of alfalfa under different condi- 
tions of light, humidity, and duration of exposure, as indicated in legend. Equations 
found by method of least squares. 1928-1930 data. 

Curve C: Summarizing fumigations in which the plants were ex- 
posed to full sunlight and the relative humidity was more 
than 80 per cent. : 

X = 1030 -I- 31.4y (3) 

n = 29 
r = 0.817 
S, = 581 p.p.m. 

Average duration of fumigation = 1.19 hours. 

Curve D : Summarizing fumigations in which the plants were shaded 
and the relative humidity was more than 80 per cent. : 

X = 912 -(- 47.8y (4) 

n = 25 
r = 0.864 
Sx = 536 p.p.m. 

Average duration of fumigation = 1.23 hours. 

These equations, as plotted in figure 1, show that there is a tendency for 
the SO 2 absorbed to be slightly less effective in destroying the leaf tissue 
under conditions of low light, but the differences are not great. This is fur- 
ther confirmed by equations (7) and (8) below. No significance can be 
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attached to the fact that curves C and D cross each other near the zero 
ordinate, because of the relatively small number of experiments in each 
group and their relatively large standard deviations. At very high hu- 
midities the absorption by the walls of the cabinet is high, and accordingly 
the absorption values obtained under these conditions are inherently more 
uncertain than are the low humidity results. It is likely that when the 
humidity approaches saturation, particularly in the shade, appreciable 
amounts of the gas are absorbed on the exterior of the leaves and stems. At 
low relative humidity, on the other hand, external surface absorption is 
of minor importance and has probably been allowed for adequately in the 
‘‘cabinet correction.” This is indicated by the fact that in many fumiga- 
tions, when the plants were inactive, the absorption, by both the plants and 
the cabinet, exceeded the cabinet correction only slightly. 

When all the data in figure 1 are placed in one group, the equation and 
statistics of the best fit straight line are as follows (curve F, fig. 2) : 



Fia. 2. Effect of absorption of different amounts of sulphur dioxide, calculated as 
p.p.m. of dry leaf tissue, in different time periods, in causing the destruction of the 
leaves of alfjilfa. 


x = 917 + 35.7y (5) 

n = 252 
r = 0.809 
Sx = 557 p.p.m. 

Average duration of fumigation = 1.34 hours. 
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This result is only slightly different from that obtained by combining equa- 
tions (1) and (2) : 

x = 896 4 35.6y (6) 

n = 198 
r = 0.782 
Sx = 541 p.p.m. 

Average duration of fumigation = 1,38 hours. 

The coefficients of correlation associated with equations (1) to (6) are 
all about 0.8, which may be interpreted as indicating a definitely significant 
degree of correlation. On the other hand, the standard deviations of the 
absorption values from the curves in the individual experiments are about 
550 p.p.m., and therefore an appreciable range of leaf destruction can be 
expected with the same rate of absorption under different conditions. Of 
course the dispersion of the data is partly due to the faOt that these experi- 
ments include treatments of duration ranging from 60 to 100 minutes, which 
would necessarily imply different rates of absorption, as discussed later. 
Finally it must be emphasized that the experimental difficulties involved in 
the accurate measurement of the absorption are great. In general the ex- 
periments were conducted so that the concentration of SOg in the air was 
reduced only about 5 to 15 per cent, in passing, through the fumigation 
chamber. An error of 1 per cent, in the measurement of the difference in 
concentration between intake and outlet would therefore cause an error of 
7 to 20 per cent, in the absorption value. 

Equation 1 has been fairly well confirmed by a few carefully executed 
experiments conducted in 1931, which have been reported in detail else- 
where (8). The absorption of sulphur dioxide was determined both by gas 
analysis and by analysis for total sulphur of samples of leaves taken im- 
mediately before and after the fumigation. These data are plotted in chart 
C, figure 2. The sulphur analyses show somewhat larger absorption values 
than do the gas analyses, probably owing to the fact that in taking the leaf 
samples there was a tendency to pick an unduly large proportion of the 
upper leaves, which had absorbed the gas more freely than the less active 
lower leaves. The equation and statistics of the best fit straight line through 
the absorption values, determined by gas analysis alone, are as follows : 

x = 713 + 33.9y (la) 

n = 7 
r = 0.932 
Sx = 244 p.p.m. 

Average duration of fumigation = 1.1 hours. 

The equation of the line determined by the leaf analyses alone is : 

x = 1273 + 30.0y (lb) 

r = 0.825 
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Sx = 389 p.p.m. 

and by the average of the gas and leaf analyses ; 

x = 995 + 31.9y (Ic) 

r = 0.900 
Sx = 289 p.p.m. 

These equations represent experimental conditions comparable with those 
which obtained in equation (1). Equation (Ic) is plotted as curve B in 
figure 2. As already mentioned, great care was exercised in carrying out 
these particular experiments, so that in spite of their meager number they 
may be regarded as offering definite confirmation of equation (1). The dif- 
ferences are within the observed experimental errors and variations. 

Three series of short fumigations of about 15-20 minutes’ duration have 
also been carried out. Because of time required to displace the large vol- 
ume of air in the cabinet, the concentration of SO 2 in these experiments rose 
rapidly to a maximum over a period of 4r-6 minutes, and after remaining 
approximately constant at this level for about 14-18 minutes, fell to zero 
over a period of 4-6 minutes, unless the humidity was very high, in which 
case the cabinet continued to lose SOj for about 20 minutes after the supply 
had been stopped. The average duration of the peak concentration in these 
experiments was 17 minutes, but appreciable amounts of SOj were present 
for 21 minutes on the average, and detectable amounts were registered for 
28 minutes. Owing to these rapidly changing conditions in the cabinet, 
accurate ab.sorption data could be obtained only if two SOj autometers were 
sampling continuously from the intake and outlet of the system. In prac- 
tice each machine sampled from both intake and outlet, but the operation 
was timed so that one drew its sample from the intake while the other was 
sampling from the outlet. The machines were stopped momentarily in the 
middle of the experiment to reverse the source of sampling in order to elimi- 
nate machine differences. 

The absorption values in these experiments are plotted in figure 2. The 
two series at high light intensity conform to the equation : 

x = 667 + 20.2y - (7) 

n = 14 
r = 0.779 
Sx = 234 p.p.m. 

Average duration of fumigation = 0.35 hours. 

The data of all three series conform to equation (8), which is shifted 
somewhat to the right of equation (7). This shift lends support to the 
statement previously made that the absorbed gas is slightly less effective in 
destroying leaf tissue in the shade than in direct sunlight. 

X = 731 + 20.6y 

n = 20 


( 8 ) 
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r = 0.664 

S* = 315 p.p.m. 

Average duration of fumigation = .35 hours. 

Equations (7) and (8) indicate considerably smaller absorptions for a 
certain amount of leaf destruction than equations (1) to (6). This means 
that if a definite amount of leaf destruction is produced in different time 
periods, the longer fumigations require lower concentrations of gas but 
greater total absorptions than the shorter fumigations. Further confirma- 
tion of this fact is evident in the case of long-continued fumigations at very 
low concentrations. For example, the analytical data of an experiment have 
been presented ( 8 ) in which alfalfa leaves absorbed, during a period of 19 
days, nearly 12,000 p.p.m. sulphur, equivalent to nearly 24,000 p.p.m. sul- 
phur dioxide calculated on the dry weight of the leaf tissue. The sulphur 
was largely retained in the leaves as sulphate. In this experiment only 1.0 
per cent, acute markings were produced, owing to accidental peaks of con- 
centration, although chlorotic markings had developed at the end of the 
experiment to the extent of 14 per cent, of the leaf area. It is suggested 
that the chlorotic markings were caused by this large accumulation of sul- 
phate, which finally may have interfered with cell functions, including that 
of chlorophyll formation. 

General time-concentration-absorption equations for alfalfa 

It seems evident from the above discussion that the amount of injury 
caused by a given quantity of sulphur dioxide varies with the rate of ab- 
sorption of the gas ; i.e., a given suflScient amount of gas, absorbed in a short 
time period, will cause more leaf destruction than if the absorption period 
is more protracted. It also seems evident that some gas can be absorbed 
without causing any leaf destruction, the quantity thus disposed of being 
greater the more slowly it is absorbed. Chemical evidence in a following 
paper suggests that the absorbed sulphur dioxide is largely and rapidly 
oxidized and neutralized in the leaf. It is evident that the sulphate radical 
which is a normal and considerable constituent of the tissue is practically 
non-toxic, and if the rate of absorption does not exceed a certain threshold 
value, the sulphur dioxide can all be oxidized and neutralized without caus- 
ing injury to the cells. The more the rate of absorption exceeds this value, 
the less completely will it be oxidized and neutralized and the more injury 
will it cause. As suggested above, in the case of sufSciently long-continued 
fumigations at low concentrations, it is possible that the accumulation of 
sulphate finally reaches a value which may interfere vith the cell functions, 
possibly either by exceeding the buffer capacity or by producing a salt effect 
on the cell components. Alfalfa at Salt Lake seems to have a tolerance for 
sulphur dioxide absorbed thus slowly some thirty times greater than when 
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absorption is rapid. The fumigations on which the equations and conclu- 
sions in this paper are based were of such short duration that large accumu- 
lations of sulphate were not built up, and therefore no account is taken of 
this factor. The limitations of the absorption equations thui imposed will 
be discussed later. The data represent primarily the toxic action of sul- 
phur dioxide itself, with such partial conversion into non-toxic forms as 
occurs in these short periods of fumigation. 

The absorption leaf-destruction relations developed here are of limited 
scope, since they are concerned with fumigations of two durations only. 
More general relations are needed connecting leaf destruction with such 
variables as duration of fumigation, concentration of sulphur dioxide in the 
air, rate and quantity of absorption by the vegetation, and rate of conver- 
sion of the absorbed SO^ to a less toxic form. A simple mathematical treat- 
ment is outlined below, by which some of these general relations may be 
found. 

Consideration of equation (1) indicates that the absorption value x is 
made up of three principal variables: time, t; concentration of SOj in the 
air, C ; and an absorption factor. A, which is a measure of the activity of 
the plant in absorbing the gas and varies with the external environment as 
well as internal conditions. The equations can therefore be written in the 
more general form : 

x = Xo + Ky .... ... (9) 

or 

x = tAC = tACo + Ky . . (10) 

where 

Xo = t AC„ 

represents -absorption conditions attending incipient leaf destruction (y = 0), 
and K is a constant. For definite values of y, the term Ky is constant and 
can be rewritten in the form, kA (k is another constant) , so that 

tAC = tACo + kA ..(11) 

For each value of y, the absorption is thus a linear function of t. Since 
equation (10) has been evaluated for fumigations of two durations, as 
represented by equations (1) and (7) for example, it is possible to solve 
equation (11) for its constants assuming definite values of y. . A family of 
curves can thus be calculated showing the amounts of absorption in dif- 
ferent time periods which can cause any specific degree of leaf destruction. 
To illustrate, assuming incipient leaf destruction, the absorption is 822 
p.p.m. in 1.35 hours (equBtion 1) and 667 p.p.m. in 0.35 hours (equation 7). 
Substituting these talues and solving for the constants, equation (11) be- 
comes: 

tAC = 610+155t 


.... ( 12 ) 
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Equation (12) states that a minimum absorption of 610 p.p.m. SOj 
(based on the dry leaf tissue) would cause incipient leaf destruction if the 
gas could be taken up instantaneously (t = 0). If the rate of absorption is 
less rapid, additional sulphur dioxide, proportional in amount to the time 
required for the whole quantity to be absorbed, is necessary to produce this 
effect. 

If equations (5) and (8), which also represent similar external condi- 
tions, are employed, somewhat larger constants are obtained but the rela- 
tions are not greatly changed : 

tAC = 664+188t (12a) 

By similar operations, employing equations (1) and (7), 50 per cent, leaf 
destruction yields the equation : 

tAC = 1350 + 925t (13) 

and 100 per cent, leaf destruction ; 

tAC = 2090 + 1700t (14) 

Equations (12), (13), and (14) are plotted in figure 3. The intercept 
on the Y axis, or the first constant in the equations, represents the amount 
of absorption that would be required to produce the specific effect if the gas 
could all be added instantaneously; that is, 2090 p.p.m. for 100 per cent., 
1350 p.p.m. for 50 per cent., and 610 for incipient leaf destruction. These 
values would be increased to 3790, 2275, and 765 p.p.m. respectively, if the 
absorption period were one hour. These curves are not dependent on the 
value of A in equation (11), since this factor and C may vary reciprocally 
without changing the value of the absorption in any given case. The curves 
illustrate in striking manner the inactivation of part of the absorbed gas as 
the rate of absorption falls off, or conversely they show that a given amount 
of absorbed gas is more active the more quickly it is taken up by the plant. 

If sufficiently large values of the time (t) are inserted in equations (12) 
to (14), quantities of absorbed SOj are indicated which are physically im- 
possible. It is clear, therefore, that the equations must be used subject to 
limitations imposed by the biological system. As already pointed out, the 
equations were developed from data obtained in fumigations of compara- 
tively short duration, and their extrapolation to fiunigations of longer 
duration must be made with caution. This matter will be treated more 
fully in a subsequent paper. It may be pointed out that the equations will 
remain valid for larger values of the time the smaller the amounts of leaf 
destruction under consideration. Assuming the suggested interpretation of 
the reactions, — ^that part (or all) of the sulphur dioxide is converted into 
the non-toxic sulphate form and if sufficient gas is absorbed the remainder 
exerts an immediate direct harmful action, — the accumulated sulphate will 
probably remain non-toxic as long as: (1) it can be neutralized as rapidly 
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Fio. 3. Curves showing amounts of sulphur dioxide which miut be absorbed in dif- 
ferent time periods in order to produce three different stages of leaf destruction in 
alfalfa. 

as it is formed, although it cannot be said at this time how much free sul- 
phuric acid the cell can tolerate; and (2) its total concentration does not 
interfere with the cell metabolism. The first condition will depend on the 
quantity of bases in the system and will doubtless be differwit in plants 
grown on different types of soil. No information is available at present as 
to whether the second condition is subject to appreciable variation in dif- 
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ferent localities. It has been observed that in the presence of as much as 
1.5 to 2.0 per cent, of sulphur as sulphate in the dry leaf tissue of alfalfa 
grown at this laboratory, the plants are normal, as indicated by yield, com- 
position, and appearance. 

By eliminating A from equation (11) we have: 

tC = tCo + k (15) 

which is identical in form with an exposure equation developed by 0 ^Gara 
(3, 6) and w^hich will be discussed later. Equation (15) indicates that 
there is a reciprocal relation between time of exposure and concentration of 
the SO 2 in the air in producing a definite amount of leaf destruction. This 
relation will hold, however, only if the rate of absorption A is constant in 
the whole series of exposures embraced by equation (15). If A is not con- 
stant in the whole series, equation (15) does not follow from equation (11). 

The factor A is a measure of the absorptive rate of unit (dry) weight 
of the leaves and is mathematically independent of the duration and in- 
tensity of the fumigation. Physiological and environmental influences will 
cause the value of A to vary over a wide range and the absorbed SO 2 may 
cause it to change during a short fumigation treatment. Examination of 
the 1928 to 1931 absorption data reveals that the value of A ranged from a 
minimum of about 30 to a maximum of 650 in the different daylight experi- 
ments. The dimensions of A were so chosen that when the time was ex- 
pressed in hours and the concentration of SO 2 in the air in parts per mil- 
lion by volume, the absorption was given as parts per million of the dry leaf 
tissue. The same maximum value of A (650) was observed in both the 
15~20-minute and the 60--100-minute fumigations, but A was generally 
smaller in the longer treatments under comparable conditions owing to the 
fact that it frequently decreased during the course of the treatment. 

If it is desired to know the time-concentration exposure relations which 
will produce a given amount of leaf destruction with a definite rate of 
absorption, it is necessary only to divide the appropriate equation of the 
family to which equations (12) to (14) belong by the chosen absorption 
rate factor A. For example, if the equation representing incipient mark- 
ing under conditions of maximum sensitivity is sought, equation (12) 


should be divided by : 

A = 650 

tC = 0.94 + 0.24t (16) 

A corresponding equation for 50 per cent, leaf destruction is : 

tC = 2.1 + 1.4t (17) 

and for 100 per cent, leaf destruction: 

tC = 3.2 + 2.6t (18) 


These curves are plotted in figure 4, and represent minimum values of the 
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Flo. 4. Curves showing concentrations of sulphur dioxide which will produce three 
different stages of alfalfa leaf destruction in different time periods under conditions of 
maximum absorption (A=;650). 

sulphur dioxide concentration in the air which will produce a trace, 50, or 
100 per cent, leaf destruction respectively in alfalfa, under conditions of 
most rapid absorption. Actual fumigations will generally require higher 
concentrations than those indicated, because an absorption rate of A = 650 
is not often attained, particularly in the longer fumigations which usually 
show a decreasing value of A as the fumigation proceeds. 

As already mentioned, O’Gaba developed an exposure equation like 
equation (15). He observed the concentrations of the gas which produced 
incipient markings in alfalfa with different times of fumigation. Then 
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using an empirical equation connecting gas concentrations with relative 
humidity, he adjusted his concentration values to correspond with 100 per 
cent, relative humidity, which was assumed to represent a condition of 
maximum sensitivity of the alfalfa. These adjusted values are plotted in 
figure 5 against the time of fumigation. The curve 0 ’Gara drew through 
the minimum values of concentration conforms to the equation : 

tC = 0.92 + 0.33t (19) 

This curve is clearly a reasonable interpretation of the data, although 
slightly different constants might have been chosen. The fact that it is not 
materially different from equation (16) lends support to the mathematical 
treatment of the absorption data presented. 

O^Gara's interpretation of equation (19) was as follows: 

^‘With all environmental factors remaining the same, the active part of 
the gas necessary to produce a certain effect upon the plant cell, multiplied 
by the time through which it acts is constant’^ (3, 6). 

This is more clearly shown if the equation is rearranged ; 

t(C- 0.33) =0.92 (19a) 

According to O^Gara, the constant 0.33 represents a threshold concen- 
tration to which the plants can be subjected indefinitely without producing 
markings under conditions of maximum sensitivity, and the “active^' part 
of the gas in any fumigation can be found by subtracting 0.33 p.p.m. from 
the actual concentration. This interpretation of the exposure factors is 
analogous to that just given for the absorption values. The similarity of 
the concepts is based on the implicit condition that throughout a given series 
of fumigations a definite fraction of the gas is absorbed. In that case ab- 
sorption is directly proportional to exposure concentration. Ordinarily this 
assumption is not justified and a large part of the fumigation data will not 
conform closely to these simple relations, as indicated by many of the indi- 
vidual points in figure 5. Of course both the exposure and the absorption 
data are subject to variations such as are represented by the dispersion of 
the points in figures 1 and 2. 

Further confirmation of the preceding mathematical treatment and in- 
terpretations may be found in the barley fumigation data of the Selby 
Smelter Commission (2). Two examples which are typical of the results 
may be quoted: Severe lesions were produced by 8-10 p.p.m. SOg in one- 
half hour ; 5 p.p.m. in one hour ; or by 1 p.p.m. for 43 hours intermittently 
on 6 days. Slight leaf destruction was produced by 6, 12, 18, or 27-36 
fumigations, each of 10 minutes’ duration, when the gas concentration was 
5, 3, 2, or 1 p.p.m. respectively. While no mathematical treatment of the 
Selby data has been attempted, it is clear that equations of the type of (15) 
could be worked out for at least several of the series of fumigation treat- 
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Fio. 5. O’O-A&A’s data ahowing concentrationa of sulphur dioxide, adjusted to 100 
per cent, relative humidity by an empirical equation involving the relative humidity of 
the air, which cause no more than traces of markings on alfalfa in different times of 
exposure. Circled points represent data obtained by the writers. 

ments. Again, such regularities as might be found would depend on a 
duplication of conditions in a series so that the absorption factor would be 
approximately constant. 

Toxic dosage of SO^ for the mesophyll cells 

It seems desirable to attempt to estimate, on the basis of the preceding 
data, the amount of SOg which is lethal to the absorbing cells of the leaf. 
It has been shown that the absorption in an infinitesimally short time period 
of 610 p.p.m. SOg, calculated on the dry leaf tissue, produces incipient 
marking, and that the absorption of 2090 p.p.m. under similar conditions 
causes complete leaf destruction. The different cells of a leaf do not absorb 
the gas with equal rapidity, because of unequal areas exposed to the gas. 
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Accordingly the first cells to show injury have undoubtedly absorbed con- 
siderably more than the av<erage amount per cell found for the whole leaf. 
On the other hand, absorption does not stop when injury appears, and there- 
fore the absorption which attends complete leaf destruction probably repre- 
sents much more than the lethal dosage for a considerable portion of the 
leaf. The most probable value of the lethal dosage for the injured section 
lies between these extremes, and is represented by the average, 1350 p.p.m., 
dry basis, or about 270 p.p.m. SOg based on the green weight of the leaf. It 
should be noted that the absorption occurs principally in the mesophyll, 
since this tissue is particularly adapted by its very large and continuously 
moist exposed area for the rapid absorption of gases. On the other hand, 
the water proofed epidermis and the compact vascular tissue, with its com- 
paratively small area exposed to the air, probably play an insignificant part 
in this gaseous absorption. If these latter tissues represent 50 per cent, of 
the leaf substance, which seems to approximate the correct value, the toxic 
dosage for the remaining mesophyll would be twice the average for the 
whole leaf. The figures, therefore, of 

2700 p.p.m. SO 2 in dry mesophyll cells 

and 


540 p.p.m. SO 2 in green mesophyll cells 
are suggested as probably representing the order of magnitude of the lethal 
quantity of this gas. 


Summary 

1. The amount of sulphur dioxide absorbed by the leaf tissue of alfalfa 
has been measured in a considerable number of fumigation treatments. 

2. As a first approximation, the extent of leaf destruction is a linear 
function of the amount of SOg absorbed in a given time period. 

3. An appreciable amount of gas can be absorbed without causing any 
leaf destruction. 

4. The amount of leaf destruction attending a given amount of absorp- 
tion increases as the rate of absorption is increased. 

5. For a definite amount of leaf destruction, for relatively high ex- 
posure, the amount of absorption is a linear function of the time required 
for the absorption. 

6. An absorption factor, A, which depends on the activity of the leaf 
in taking up the gas, is discussed. It is shown that if this factor is constant 
in a series of experiments, the absorption equation can readily be trans- 
formed into time-concentration exposure equations. In this way the fumi- 
gation data of O’CTara and the absorption data in this paper lead to prac- 
tically identical equations for the exposure conditions which produce in- 
cipient marking in alfalfa under conditions of maximum sensitivity. Fur- 
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ther, it is possible to calculate from the absorption equations the exposure 
condition for any specified amount of leaf destruction or value of A. 

7. The evidence indicates that when the rate of absorption exceeds a 
certain threshold value, a specified amount of injury appears in a time 
which is proportional to the difference between the actual rate of absorption 
and the threshold rate. The cells of the leaf can dispose of a certain amount 
of the gas by oxidation and neutralization, but injury occurs if the gas is 
supplied so rapidly that these processes cannot be maintained, thus per- 
mitting a sufficient accumulation of unoxidized or unneutralized suphur 
dioxide. 

8. Assuming that the lethal dosage of sulphur dioxide is added to the 
leaf instantaneously, and that it is all absorbed by the mesophyll cells, which 
represent about one half of the leaf substance, it is suggested that the limit 
of tolerance to the gas of these cells is approximately : 

2700 p.p.m. in dry tissue 

and 

540 p.p.m. in fresh tissue. 

Department of AaRiouLTUsAL Besbarch 

American Smelting & Repining Company 
Salt Lake City, Utah 
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INFLUENCE OF DIFFERENT QUANTITIES OF MOISTURE IN A 
HEAVY SOIL ON RATE OF GROWTH OF PEARS* 

M. E. Lewis, K. A. Work, and W. W. Aldbich 
(with five figures) 

Introduction 

In 1930 studies were initiated in the Medford area to determine so far as 
possible the best methods of irrigation of the heavy soils of the area for the 
production of large yields of high quality pears. One of the primary prob- 
lems encountered was that of the effect of different soil moisture conditions 
at different times during the growing season on the yield of fruit. During 
the first two years complete records of soil moisture conditions and of the 
size and yield of fruit at harvest were secured. Study of these results 
brought out the urgent need for more detailed data on the effect of moisture 
conditions on the rate of growth of fruit from day to day. This information 
was secured during the 1932 growing season. An analysis of the rate of 
growth of fruit throughout the season as compared with the corresponding 
soil moisture conditions is presented in this report. The results obtained 
from this analysis are applied to the soil moisture conditions of the two 
earlier years with a satisfactory check on the size of fruit at harvest. 

During each of the three years, studies were conducted on two commer- 
cial orchards designated as the Pitch and Klamath orchards. During 1932 
additional work was done at the Medford Experiment Station. Both soils 
and trees in these orchards are extremely variable, but in each case the plots 
were selected for uniformity of soil type and tree growth. Mature bearing 
trees were selected. The treatment of the different plots in each orchard 
up to the time of the beginning of these experiments was uniform so far as 
is known. The trees on the Fitch orchard are Bartletts while on both the 
Klamath and Medford Experiment Station orchards the variety is Anjou, 
all on French roots. 

1 The data reported in this paper have been secured in the course of studies on the 
irrigation of pears carried on cooperatively by the U. S. Department of Agriculture and 
the Oregon Agricultural Experiment Station near Medford, Oregon. All of the work 
in 1930 and 1931 and the irrigation and soil moisture studies in 1932 were conducted by 
R. A. Work under the direct supervision of M. B. Lewis. Detailed studies of fruit 
growth and tree response were conducted in 1932 by W. W. Aldrioh. The method of 
interpreting the data as reported in the present paper has been developed by the senior 
writer. 

Presented for publication as technical paper no. 207 with the approval of the Di- 
rector as a contribution from the Medford Branch Experiment Station, Oregon Agricul- 
tural Experiment Station. 
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The climate is semi-arid with a comparatively long growing season and 
almost continuous sunshine during the summer months. 

Irrigation was by the furrow method, six to eight furrows being used 
in each middle. Irrigation water was available on demand except after 
early July in the 1931 season. The Pitch and Klamath orchards were cul- 
tivated once after each irrigation. The Medford Experiment Station 
orchard was cultivated once in early summer when the winter cover crop 
was disced in, and again once late in the summer. 

The soils in these orchards are very heavy, locally known as sticky,’^ 
and are typical of a large part of the pear orchard land in the Medford area. 
The soil of the Fitch orchard is mapped as Meyer silty clay loam and that 
of the other two orchards as Meyer clay adobe. Analyses of typical samples 
of these soils are reported by the Bureau of Soils (7). A sample of the 
Meyer clay adobe from an adjoining field of the Medford Experiment Sta- 
tion had the following mechanical analysis (6) : total sand 36.4 per cent., 
silt 25.3 per cent., and colloidal clay 38.1 per cent. 

The soil is from 3 to 6 feet deep and rests on a somewhat disintegrated 
shale. The water table is below the surface of the rock at all times except 
occasionally just after a heavy irrigation when it may rise above the rock 
surface for a few days. 


Plan of experiments 

In each orchard four plots were laid out with border rows and with from 
5 to 16 trees in inner rows which were considered satisfactorily uniform 
within each orchard for use in the study of the effect of soil moisture condi- 
tions on the growth and yield of fruit. The moisture content of the soil in 
the different plots was permitted to drop to v^arious percentages of the avail- 
able capacity of the soil before being replenished by irrigation. 

Samples for soil moisture determinations were taken just before and as 
soon after each irrigation as it was possible to do so without too much diffi- 
culty with the sticky mud. Samples were also taken at approximately 
2-week intervals wdien periods between irrigations permitted. Samples were 
taken in increments of 1 foot in depth, starting below the mulch and extend- 
ing to the bed rock. Representative samples of the soil of each plot secured 
in the Fitch and Klamath orchards from five holes and in the Medford Ex- 
periment Station orchard from twenty holes were used for all determina- 
tions. Methods used in determining soil moisture constants in these studies 
are described elsewhere (9). 

The location of the feeding roots of the trees in these orchards has been 
investigated both by actual count and weight of roots recovered from 
trenches and by study of the rate of extraction of moisture from the soil. 
The data (2) indicate that almost all of the roots are in the upper 4 feet. 
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and that of those about 89 per cent, are in the upper 3 feet. The rate of 
loss of soil moisture from depths below 3 feet is very slow and as a result 
the variation in soil moisture below that depth is comparatively small. For 
these reasons the moisture content of the upper 3 feet of the soil has been 
used as representing the moisture available to the trees. The moisture con- 
tent is presented in terms of the percentage of the available capacity present 
at any time. In other words, the moisture content of the plots shown on the 
curves as 0 per cent, is the wilting point and the content shown as 100 per 
cent, is the field capacity. 

The rate of growth of fruit during 1932 in the Fitch and Klamath 
orchards was determined by measuring the circumferences of 45 pears on 
each plot at intervals of from 3 to 7 days. These measurements were made 
from May 17 to August 11, about one week before the first picking of the 
Bartlett pears on the Fitch orchard, and to September 7, two days before 
picking of the Anjous on the Klamath orchard. At the Medford Experi- 
ment Station orchard 90 fruits per plot were measured at 3-day intervals 
from May 23 to September 8. 

The actual volume of individual fruits of these varieties approximates 
that of a sphere having the same circumference. The volumes of spheres 
corresponding to measured circumferences rather than actual volumes of 
fruits have therefore been used throughout this study. 

The fruit from each plot was run through mechanical graders in the 
packing houses separately and the number of pounds of each size of fniit 
•was determined. 


Results 

Table I gives the average field capacity, wilting point, and available 
capacity of the soil in the three orchards. Results for individual plots are 
reported elsewhere (9). 

Study of the effect of different soil moisture conditions on the yield of 
fruit ( 8 ) indicated that in these plots the trees suffered from lack of soil 
moisture before the soil in the upper 3 feet had reached the wilting point. 
Aldrich and Work (1) have shown that differences in the moisture content 
of the upper 3 feet of the soil below 50 per cent, of the available capacity 
but well above the wilting point resulted in differences in fruit size and 
branch growth, but that above 60 per cent, of the available capacity the 
growth of fruit was not materially decreased. The points plotted on figure 
1 represent the rate of growth of fruit on all plots and for all periods during 
which the soil moisture was above 60 per cent, of the available capacity. 
These curves may be considered as representing the rate of growth during 
the year 1932 when water was not a limiting factor, or, so far as this study 
is concerned, as the ‘^normal’' rate of growth, and have been so designated. 



312 


PLANT PHTSIOLOQT 




LEWIS ET AL. : MOISTURE AND GROWTH BATE OF PEARS 


313 



Fio. 1, Bate of growth of pears in cc, per day during 1932 in the Fitch, Klamath, 
and Medford Experiment Station orchards (the so-called ** normal’’ rate of growth). 
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It is obvious that this curve will be affected by many factors other than the 
soil moisture conditions. The variety of fruit, climatic conditions, age and 
vigor of the trees, number of pears carried by the trees ii^i comparison with 
their leaf area, and, perhaps, the size of trees, both above and below ground, 
have a bearing on the shape of the so-called ^^normar^ growth curve. For 
these reasons separate curves have been plotted for each of the three or- 
chards. In each orchard all treatments (including pruning, thinning, culti- 
vating, etc.) except irrigation were as nearly alike as possible for all four 
plots. Within each orchard and for the one season it is believed that all 
conditions except soil moisture and, in one or two cases especially mentioned 
later, number of fruits per tree, are the same. It will be noted that on all 
three curves there are certain periods when the measured rate of growth is 
markedly slower or faster than is indicated by the smooth curves. Probably 
the most marked instance is for the period centering on May 31 or June 1. 
Many of these variations seem to be due to atmospheric conditions. In 
order to avoid introducing an error into the subsequent computations, the 
normal rate of growth for each period for the year 1932 is taken as the 
arithmetic mean of the rate for all the plots in which the moisture content 
was over 60 per cent, of the available capacity during that period, rather 
than the rate shown by the smooth curve. 

It will be noted that the rate of growth curve for the Pitch orchard is 
broken into three parts late in the season. Study of the conditions on the 
plots in this orchard leads to the belief that the differences shown by plots 
E and D from the more central position of the plotted points for the other 
plots are due to differences in the leaf-fruit ratio, or the number of fruits 
borne by the trees in the various plots. Plot D apparently liad a lower 
leaf-fruit ratio than plot E. The curve shown as a solid line is assumed to 
represent normal growth rate in the following discussion. 

The curves of figure 2 show the deviation from the normal rate of growth 
of fruit for each orchard plotted against the soil moisture content. The 
difference between the measured rate of growth for each period for each 
plot and the normal rate of growth as just defined has been expressed as a 
percentage of the normal rate. This percentage deviation has then been 
plotted against the corresponding average available moisture content of the 
upper 3 feet of soil expressed as a percentage of the available capacity. 
These curves show a very definite relation between the rate of growth of the 
fruit of pear trees in this heavy soil and the amount of soil moisture in the 
root zone of the trees. 

All three of these curves cross the line of normal growth at a moisture 
content of about 75 per cent, of the available capacity of the soil, and the 
maximum rate of growth is not attained below 80 or 85 per cent. The 
curves are very similar in shape and indicate that the effect of a shortage of 
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Fig. 2. Deviation from normal’^ rate of growth as compared with percentage of 
available moisture present in the upper 3 feet of soil in the Fitch, Klamath, and Med< 
ford Experiment Station orchards in 1932. 

soil moisture is similar in the three orchards with the two varieties of pears. 
When the soil moisture is reduced to 20-35 per cent, of the available 
capacity of the upper 3 feet, the rate of growth of fruit is 40 per cent, less 
than the normal rate of growth. This indicates that the lower limit of the 
range of soil moisture producing most rapid growth of pears in this soil is 
much higher than the wilting point. 
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These curves indicate that under the conditions of these experiments soil 
moisture is an important limiting factor when the moisture content of the 
upper 3 feet is less than about 75 per cent, of its available capacity. At 
higher moisture contents other factors appear to become limiting to such 
an extent as to overshadow the effect of soil moisture. Other factors 
undoubtedly have some effect under lower soil moisture conditions. 

Figures 3, 4, and 5 show the moisture conditions in the plots during the 
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Fig. 3. Average moisture content of upper 3 feet of soil in the different plots of 
the Fitch orchard in 1930^ 1931, and 1932, expressed as percentage of available capacity. 

three years. The moisture content shown is the average for the upper 3 
feet and is presented as the percentage of the available capacity present. 
Examination of original data shows that after an irrigation, the soil mois- 
ture drops more rapidly in the first foot than in either of the deeper feet, 
and that, in general, the second foot loses water more rapidly than the third 
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Fio. 4. Average moisture content of upper 3 feet of soil in the different plots of 
the Klamath orchard in 1930, 1931, and 1932, expressed as percentage of available 
capacity. 

’xeit icnsnv A-inr iNor avm 



Fig. 5. Average moisture content of upper 3 feet of soil in the different plots of 
the Medford Experiment Station orchard in 1932, expressed as percentage of avidlable 
capacity. 
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foot. In spite of this, in no case during the season of 1932 did the moisture 
content of the first foot of soil reach the wilting point. 

In order to arrive at a check on the conclusion drawn here that the rate 
of growth of pear fruits is closely correlated with the soil moisture content 
of the upper 3 feet of soil, an estimate of the average size of the fruits har- 
vested from these plots during all three years has been prepared. This 
method has been necessary because no measurements of the growth of the 
fruits were made during the growing seasons of 1930 and 1931. 

Knowing the number of pounds of fruit to a packed box and also the 
number of fruits of each size to each packed box, it is possible to compute 
the number of pears of each size yielded by each plot. From data fur- 
nished by officials of local packing houses the volume of individual pears of 
the various sizes was determined. The average size of the individual fruits 
for each plot was then determined in the following manner. For each plot 
the total volume of fruit of each size was determined by multiplying the 
number of fruits by the volume of each fruit. The sum of the total volumes 
of fruits of each size then gave the total volume for the plot, and this figure 
divided by the total number of fruits of all sizes gave the average size of 
individual fruits for the plot. It is believed that this method gives an 
accurate estimate of the average size. 

The data of figures 3, 4, and 5 on soil moisture and of figures 1 and 2 on 
the normal rate of growth and the effect of soil moisture on the rate of 
growth of the fruit make possible an estimate of the size of the average fruit 
at any time during the season. This has been done for each plot and for 
each season of our experiments. The moisture content in the upper 3 feet 
of soil in each plot for each day was determined from figures 3, 4, and 5. 
From the curves of figure 2 the deviation from the normal rate correspond- 
ing to the soil moisture content present each day was taken. This deviation 
was then applied to the normal rate for the day as shown on figure 1 and 
the estimated growi;h for the day determined. By summing up the growth 
for all the days the size of the fruit at picking time was estimated. Table II 
is a summary of the results obtained by the three methods: (1) measure- 
ment of the circumference of a great number of fruits in the field; (2) 
computation from the packing house records of yield and size of the fruit 
harvested from each plot; and (3) estimation from the soil moisture records 
and the curves of normal growth and deviation from normal growth as 
influenced by variation in soil moisture. 

It is felt that the very close agreement between the size as estimated 
from the soil moisture data and that as determined directly from the fruit, 
either by direct measurement or by computation from yield records for 
the year 1932, is remarkable. The volumes computed from yield data in the 
Fitch orchard are not directly comparable with the volumes secured by the 



TABLE II 

Size or peas riiuiTs on all plots and all seasons; as measuked (column 1) ; as computed fbom yield becobds (cih.- 
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other two methods* The greatest discrepancy in comparable data is in 
the case of plot 0 in the Klamath orchard. A probable explanation for the 
marked difference between the measured volume and the volume computed 
from yield data in this plot is that growth measurements were made on the 
lower branches where the leaf-fruit ratio was larger than on the upper 
branches where the bulk of the crop was carried. The fact that both of 
these volumes are large as compared with the volume estimated from soil 
moisture is explained by the small number of fruits carried by the trees in 
this plot. It seems to be generally true that, all other things being equal, 
a tree with a small number of fruits will produce fruits of a larger size than 
will the same tree with a large number of fruits. Tn this case the measured 
volume is 17 per cent, larger and the computed volume is 8.8 per cent, larger 
than the estimated volume. In no other case in 1932 is the estimated vol- 
ume more than 10.5 per cent, different from the comparable volume deter- 
mined by other methods. 

Since it was necessary to apply the so-called normal rate of growth 
found in 1932 to the moisture conditions found in the plots in 1930 and 
1931, it is not to be expected that as close an agreement will be found in 
these years. Again the figures for the Fitch orchard are not directly com- 
parable. Except for the reversal of plots C and D, which reversal is only 
a matter of 3 or 4 cc., the order of the sizes in the plots is the same by compu- 
tation from yield data and estimation from soil moisture. The much larger 
sizes of fruit determined from yield data as compared with the expected 
sizes computed from moisture conditions in the Fitch orchard in 1931 are 
due to the fact that the fruit in this orchard was heavily thinned that 
season in anticipation of a water shortage. In the Klamath orchard the 
maximum difference between the two methods is 13 per cent. These data 
furnish convincing proof that the effect of soil moisture deficiency is reason- 
ably well defined by the curves of figure 2. 

Discussion 

As pointed out by Aldrich and Work (1), such results on heavy soils 
seem to lead to conclusions contrary to those arrived at by some other work- 
ers using lighter, soils. Hendrickson and Veihmeyer ( 4 ) conclude that 
trees either have readily available moisture or have not/^ Beckett, 
Blanby, and Taylor (3), working with citrus and avocado trees, reach the 
somewhat simUar conclusion that moisture is as readily available when 
the moisture content is one-third or two-thirds of the way between field 
capacity and the wilting point as it is in the thoroughly moistened soil after 
irrigation. 

Three reasons either singly or in combination may account for the slow- 
ing down of the growth of fruit in our experiments as the quantity of water 
held in the root zone decreases. 



LEWIS ET AL. : MOISTURE AND GROWTH RATE OF PEARS 


321 


(1) Perhaps soil moisture becomes actually less available to the roots of 
the trees as the thickness of the moisture film decreases. If this is the 
explanation it must become effective at film thicknesses nearly as great as 
those present when the moisture is held in approximate equilibrium between 
gravitational and capillary forces and become progressively more marked 
as the moisture content approaches the wilting point. The data reported 
by Sekera (6) seem to support this explanation. 

(2) The growing root tips or root hairs which are actively extending into 
moist soil may not be able to advance rapidly enough to develop sufficient 
water to meet the needs of the trees or they may not be able to penetrate all 
parts of the soil mass. When, just after an irrigation, the moisture content 
of the soil of the root zone is at or near the field capacity, each growing 
root may be supposed to be in contact with a film of available water. As 
the water in contact with the active root tips or hairs is exhausted, it is at 
first relatively easy for most of the growing points to advance and thus 
secure more water. It is conceivable, however, that more and more of the 
growing points may for one reason or another find it impossible to follow 
the retreating water films, and thus cease to function. It seems reasonable 
to suppose that this condition would be much more apt to occur in very 
dense and fine-textured soils such as these. As a portion of the growing 
roots become inactive, those remaining would become progressively less 
able to supply the quantity of water required to keep the fruit growing 
at the maximum rate. 

(3) It is inconceivable that the roots of these trees can come in direct 
contact w’ith every soil particle and its enveloping fitoi of water. If this 
be true, there must be some movement of water from those portions of the 
soil not in direct contact with active root tips or hairs toward these roots 
before the moisture content of the soil mass can be reduced to the wilting 
point. The distance through which this movement will take place will 
depend on the completeness with which the roots are able to occupy the soil. 
In heavy soils such as these, the soil moisture gradient toward the active 
roots must be rather steep if appreciable movement is to take place. The 
moisture supply to the tree may then be fixed, not by the rate at which 
roots can take up water but by the rate at which the water can move through 
the soil to the roots. 

It will be evident that under either of the two latter conditions the 
moisture content of the soil immediately in contact with active roots may be 
reduced to the wilting point, while the soil at some distance (perhaps a very 
small one) may have a much higher content of moisture. Now the moisture 
content of a soil sample taken by ordinary methods would be a sort of 
average of that held by the soil adjacent to the root hairs and that held at 
some distance from any active root. The moisture content disclosed by 
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sampling and the actual average moisture content of a portion or all of the 
root zone might then be well above the wilting point, while the actual mois- 
ture content of the soil adjacent to a portion (or in extreme cases, all) of 
the active roots might be down to the wilting point. 

It is the opinion of the writers that some combination of the slow move- 
ment of water through this tight soil and the relatively sparse root popula- 
tion in the soil accounts for the effect on the growth of fruit of compara- 
tively small changes in the average moisture content of the soil in the root 
zone. 

Summary 

1. The field capacity of the soil in the three orchards included in the 
test varied from 24.7 to 34,5 per cent., the wilting point from 13.3 to 17.6 
per cent., and the available capacity from 10.6 to 17.3 per cent. 

2. The rate of growth during those periods and on those plots when and 
where the soil moisture was more than 60 per cent, of the available capacity 
is designated the normal rate of growth and is shown graphically. 

3. The deviation of the rate of growth from this normal, expressed as a 
percentage of the normal, is plotted against the soil moisture in the upper 
3 feet. 

4. The curve resulting from this plotting shows a very close correlation 
between moisture content and rate of growth of fruit. 

5. The sizes of fruit as measured in the field, as computed from yield 
records, and as estimated from soil moisture data check remarkably well. 

6. It is believed that the data furnish definite proof that the rate of 
growth of pear fruits is markedly affected by comparatively small variations 
in the moisture content of the soil of the root zone, even when the moisture 
content is well above the wilting point. 

7. The data indicate that the growth of the fruit of pear trees on this 
heavy soil is reduced whenever the soil moisture in the major portion of the 
root zone is reduced below 70 per cent, of the available capacity. 

Oregon Ageicuivtural Experiment Station 
Corvallis, Oregon 
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COLORIMETRIC DETERMINATION OF CAROTENE IN 
PLANT TISSUE* 

Waltke C. Busskll, M. W. Taylob, and D. P. Cbichestkb 

(with two piguees) 

Introduction 

The discovery by Borodin (2) in 1883 that the carotenoid pigments 
could be separated into alcohol soluble and petroleum ether soluble groups 
has been the basis for all the procedures that have been described for the 
determination of carotene and other carotenoid pigments. Aenaud (1), 
in 1887, extracted dry plant tissue with petroleum ether and used a colori- 
metric method for the estimation of the amount of pigment present, a 
carotene solution being employed as a standard. No attempt was made to 
separate carotene from other yellow pigments and the purity of the 
carotene standard was not given. In 1913, Monteverde and Lcbimenko 
(9) reported a speetro-eolorimetric method for the estimation of the pig- 
ments of green leaves, and in the same year Willstatter and Stoll (17) 
presented a method for the determination of carotene and xanthophyll 
which has served as the starting point for all subsequent modifications. 
The latter method consists essentially of acetone extraction of plant tissue, 
saponification of chlorophyll, separation of the carotenoids by means of 
petroleum ether and aqueous methyl alcohol, and the colorimetric estima- 
tion of the pigments. A petroleum ether solution of carotene or an 
aqueous solution of potassium dichromate served as a colorimetric standard. 
Coward (3), in 1926, modified the procedure by making the first step the 
decomposition of chlorophyll, which was followed by extraction with 
petroleum ether and the separation of carotene from xanthophyll by 
aqueous methyl alcohol. The use of diethyl ether in addition to acetone in 
the extraction of plant tissue was introduced by Schertz (12) in 1928. 
In 1923 he described a method (13) for the spectrophotometrie estimation 
of carotene. Sprague and Shive (16), 1929, employed the method as 
modified by Schertz (12), except that they used petroleum ether rather 
than diethyl ether as a solvent for the carotenoids. These investigators 
(16) and Sprague and Troxler (16) developed a color standard of dye 
solutions for use in colorimetric readings. Pyridine has been employed 
by Smith and Smith (14) for the extraction of small quantities of fresh 
fruit, the pigments being transferred to petroleum ether. Recently, Kuhn 
and Brockmann ( 6 ) have described the use of petroleum ether and methyl 
alcohol in the extraction of plant tissue and the subsequent separation into 
» Journal Series paper of New Jersey Agricultural Experiment Station, Department 
of Agricultural Biochemistry. ' - 
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petroleum ether and aqueous methyl alcohol phases. After these steps, 
saponification with alkali in the petroleum ether phase is followed by a 
further partition between petroleum ether and 90 per cent, methanol. 
The use of suitable absorption agents allows the separation of a and 3 
carotene from lycopin in the petroleum ether phase. A solution of azo- 
benzene was used as the colorimetric standard. 

The original objective of this investigation was the correlation of the 
carotene content of plant tissue with vitamin A potency, determined bio- 
logically, and with the biological response when isolated carotene was fed. 
Hence, an accurate method for the determination of carotene which would 
give consistently reproducible results was necessary. In our hands the 
method as modified by Sprague and Shive (16) when used for a series of 
determinations on the same sample of dried green plant tissue did not 
give results which agreed within the experimental error allowable in the 
work projected; therefore a critical study was made of the original 
WiLLSTATTER and Stoll (17) procedure as modified by Sprague and Shive. 

Analytical procedure 
Preparation op sample 

As the first step in the analytical procedure it was necessary to ball-mill 
the dried plant tissue until a fine powder was obtained. It has been our 
practice with artificially dried alfalfa to reduce the chopped product to a 
coarsely divided state by means of a Wiley mill and then to subject it to 
ball-milling. 

In the case of fresh plant tissue (alfalfa), the whole plant was cut into 
5~10 mm. pieces with a pair of large shears as quickly as possible after 
harvesting and the samples for analysis weighed immediately. 

Methods of drying of plant tissue which do not cause a loss of carotene 
require further investigation before definite recommendations can be made. 
The work of the present investigation was done largely with machine dried 
and field dried alfalfa. Machine dried material which had been subjected 
momentarily to an initial temperature as high as 650° to 750° C., and then 
to lower temperatures until dry, was found to contain practically the same 
amount of carotene as fresh alfalfa. On the other hand, the slow drying 
of silage in a vacuum desiccator over sulphuric acid at room temperature 
resulted in a loss of 25 per cent, of the carotene present in the fresh mate- 
rial. These findings suggest that a high initial temperature destroys 
enzymes which might be active in the destruction of carotene at lower tem- 
peratures. 

Extraction of pigments 

The sample of material weighed for analysis should contain about 0.2 
mg. of carotene so that final dilution to 100 cc. will give a solution contain- 
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ing about 0.002 mg. per cc. for use in the colorimeter. If information con- 
cerning the approximate percentage of carotene is not available, it is advis- 
able to make preliminary analyses. With samples very low in carotene, 
better results have been obtained by using a smaller sample than the 
amount which would contain 0.2 mg., and a correspondingly smaller final 
volume for the colorimetric comparison. In this investigation the size of 
samples varied from 1 to 25 gm. 

Since carotene was the only pigment to be determined, it was not 
necessary to isolate chlorophyll and xanthophyll. Dried alfalfa was ex- 
tracted directly with petroleum ether, because it had been found, in the 
case of this material, to extract carotene completely while removing only a 
small amount of the chlorophyll and xanthophyll. In most instances the 
extraction was carried out by allowing the sample to stand in petroleum 
ether for 72 hours, with occasional stirring, although for some types of 
tissue a shorter period of time was sufficient. The volume of petroleum 
ether varied from 125 to 250 cc., the larger amount being necessary for large 
samples low in carotene. It was found convenient to carry out the extrac- 
tion in 250-cc. centrifuge bottles and to separate the plant tissue from the 
solvent at the end of the extraction period by centrifuging. The finely 
divided smnples did not lend themselves well to filtration, and less solvent 
was retained by the plant tissue when the separation was made with the 
centrifuge. The liquid layer was poured or siphoned into a 1-liter separa- 
tory funnel, a filter being used as a precaution against the introduction 
of any of the plant tissue. The extracted tissue was washed with several 
50-ec. portions of petroleum ether, five portions with stirring and centri- 
fuging after each addition usually being sufficient. In dealing with new 
material or different lots of the same material, it was found advisable to 
test for completeness of extraction by repeating the analytical procedure 
on the sample which had already been extracted. The amount of carotene 
obtained by this second extraction determined the length of the extraction 
period and the number of extractions to be used. 

Samples of fresh plant tissue were triturated with sand under acetone 
and then allowed to stand under the solvent for 48 hours. After decanta- 
tion through a filter, the residue was washed with several portions of fresh 
acetone. If the extraction is not complete, as indicated by the removal of 
all green color from the material, it is necessary to grind the sample further 
with sand and repeat the extraction. To carry out the remainder of the 
analysis, the pigments were transferred from acetone to petroleum ether 
by about 400 cc. of the latter solvent to the acetone solution in a 

separatory funnel. The acetone was then washed out with several 300- to 
400-cc. portions of water. Care must be taken in this operation to avoid 
excess ahn.Tting on account of the tendency to form an emulsion. 
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The present study has been concerned almost entirely with alfalfa and 
spinach plant tissue, and the methods of extracting the plant pigments just 
described may not apply equally well to other plant tissues. As noted 
before, Smith and Smith (14) have employed pyridine for the extraction 
procedure. Preliminary studies in this laboratory show that pyridine 
removes from dried carrots and yellow corn an additional amount of caro- 
tene, even after they have been thoroughly extracted with petroleum ether. 
The use of pyridine with alfalfa, however, which had already been 
extracted with petroleum ether, did not reveal the presence of additional 
carotene ; hence in the application of this method to plant tissue other than 
alfalfa, special attention should be given to the extraction procedure. 

Separation of pigments 

In the case of both dry and fresh samples it is necessary to remove 
chlorophyll and xanthophyll from the petroleum ether solution. To 
remove xanthophyll, the solution, having a volume of approximately 400 
cc., was shaken in a 1-liter separatory funnel with 50-cc. portions of 89 
per cent, methyl alcohol for 2-minute periods. This process was continued 
until the methyl alcohol layer was only very slightly colored. Usually six 
extractions were sufficient and at the end of this time only a small amount 
of xanthophyll still remained in the petroleum ether. However, these last 
traces of xanthophyll were removed during the process for the removal of 
chlorophyll. The procedures 'which involved shaking in a separatory 
funnel, were facilitated by the use of a shaking machine which had been 
modified so that it would hold four 1-liter funnels in a horizontal position. 
Figures 1 and 2 provide a description of the machine. The stopcocks of 
the funnels were lubricated with stopcock grease and, although there was 
a slow dissolving of it by the petroleum ether, renewal between every two 
or three analyses prevented any leakage. The glass stoppers w^ere held so 
firmly by the pressure of the clamps that there was no leakage. To avoid 
the possibility that they might become stuck, however, thej’" were lubricated 
with a soft soap, made by warming together 100 parts of Ivory soap, 100 
of w^ater, and 15 of glycerol. This was preferable to stopcock grease which 
quickly dissolved from around the stopper. It was necessary of course to 
use lubricants which did not impart a color to the solvents. 

Although WiLLSTATTER and Stoll (17) prescribed the use of one por- 
tion of 85 per cent, methyl alcohol, one of 90 per cent., and two or more 
of 92 per cent., it has been the experience in this laboratory that any solu- 
tion of methyl alcohol greater than 90 per cent, by volume will emulsify 
if shaken vigorously with petroleum ether; whereas emulsion formation 
was avoided entirely if the concentration of alcohol was 88 to 89 per cent, 
by volume. 
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Chlorophyll was removed by shaking thorouglily the petroleum ether 
solution with 25 per cent, potassium hydroxide in absolute methyl alcohol. 
Successive 25-cc. portions of the alcoholic potassium hydroxide were used 
until no further color was removed. The complete removal of chlorophyll 
is important at this point since chlorophyll in very low concentrations will 
impart a slightly yellow color not unlike that due to carotene. In testing 
for the complete removal of chlorophyll, it was found convenient to have 
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Flo. 1. Unit of holder for separatory funnels to attach to mechanical shaker. 

for comparison a series of very dilute color standards in tubes prepared 
by diluting the standard potassium dichromate solution. The following 
concentrations, in terms of carotene equivalents, were employed: 0.01, 
0.004, 0.002, 0.001, 0.0004, 0.0002, and 0.0001 mg. per cc. Tbe removal of 
chlorophyll was considered to be complete when the alcoholic potassium 
hydroxide extract had a color value equivalent to less than 0.0001 mg. of 
carotene per cc. 
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Fig. 2. Assembled apparatus for shaking separatory funnels. 


After removal of chlorophyll and xanthophyll, the petroleum ether 
solution was shaken with 50 cc. of 89 per cent, methyl alcohol, followed by 
100 cc. of distilled water in order to remove traces of base. The resulting 
petroleum ether solution, w^hich contained only carotene, was transferred 
to a 400-cc. beaker and evaporated to a suitable volume, this process being 
carried out in vacuo at 40°~45®. For this purpose a vacuum desiccator, 
continuously evacuated with a water pump, was used in a constant temper- 
ature oven. When a suitable volume had been obtained, the petroleum 
ether solution was transferred quantitatively to a volumetric flask, made up 
to volume with petroleum ether,* and compared in a Buerker colorimeter 
with the standard solution of potassium dichromate, described in a follow- 
ing section.® 

* The use of a high boiling petroleum ether, ‘ * Skelleysolve, ^ * has been suggested by 
Prof. B. A Dutcher, Pennsylvania State College, in a private communication. 

* Dr. E. S. Miller (see addendum) determined the carotene content of a petroleum 
ether solution prepared by this procedure by spectral analysis and found it to contain 
97 per cent, of the carotene content determined colorimetrically in this laboratory. 
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Reagents 

The acetone and potassium hydroxide were the usual c.p. grade. The 
petroleum ether was a commercial grade, b.p. 30® to 60®, obtained in 50- 
gallon drums and redistilled before using. Methyl alcohol was purchased 
as refined methanol and was sufficiently pure, as indicated by the fact that 
no color developed in its solution of potassium hydroxide in two weeks. 
The presence of a cloudiness, presumably potassium carbonate, in the 
alcoholic solution makes it difficult to determine whether a colorless extract 
has been obtained in the analytical procedure.- The cloudiness was easily 
removed by centrifuging. 

It was found to be economical to recover by distillation the methyl 
alcohol solution used to remove xanthophyll and to adjust the distillate to 
the original 89 per cent, concentration. 

Colorimetric procedure 

Both spectrophotometric and colorimetric methods have been used by 
various investigators in estimating the concentration of carotene in the 
petroleum ether solution obtained by the analytical procedure. The 
former method has been described by Schertz (12) and by Ferrari and 
Bailet (4). However, the error involved in the isolation of carotene is 
probably as great as that inherent in the colorimetric method, and there- 
fore there seems to be no advantage in the use of the spectrophotometric 
procedure for which greater accuracy has been claimed (12). Recently 
methods have been proposed, such as that by Oltman (10), which involve 
the measurement of the intensity of transmitted light by means of a photo- 
electric cell and aim to eliminate the subjective factor inherent in colori- 
metric readings. To the best of our knowledge, however, methods of this 
type have not been brought to a wholly satisfactory stage of development. 

The reported instability of carotene and the necessity of dissolving it 
in volatile liquids render it unsuitable as a colorimetric standard. As 
secondary standards, Willstatter and Stoll (17), Palmer (11), and 
Coward (3) have made use of potassium dichromate; whereas Sprague 
and Shive (16) availed themselves of a mixture of the dyes Orange G and 
Naphthol Yellow. Kuhn and Brockmann (6) have employed azobenzene. 
During the early part of this investigation the dye standard described by 
/■^PRAGUE and Shive was used, but later it became evident that it possessed 
( no advantage over potassium dichromate, and that the latter was preferable 
\ because of its greater uniformity of color and stability in solution. 

L--^ Both the Orange G-Naphthol Yellow and the potassium dichromate 
solutions were evaluated against standard carotene solutions. Crystals of 
the pigment were isolated from dried alfalfa and dried carrots by a process 
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which is the same in principle as the analytical procedure for dried plant 
tissue described in detail in previous sections. Three lots of carotene were 
prepared and the following quantities weighed to the fifth place by the 
method of swings: carrot carotene lot 1, 39.8 mg.; carrot carotene lot 2, 
22.3 mg.; and alfalfa carotene, 18.1 mg. Each sample was brought into 
solution in slightly less than 200 cc. of petroleum ether with warming to 
not above 50®, after which the volume was made up to 200 cc. Dilutions 
of the carotene solutions were prepared which were suitable for comparison 
with the secondary standards in the region of 10 mm. on the scale of the 
Buerker colorimeter. The secondary dye standard described by Sprague 
and Shive ( 16 ) was prepared by diluting 3.4 cc. of 0.5 per cent. Naphthol 
Yellow and 0.5 cc. of 0.5 per cent. Orange G to 1 liter. For the standard 
? potassium dichromate solution, a concentration of 0.036 per cent, was used 
because this solution matched the dye standard very closely. Table I 


TABLE I 

Carotene values of the secondary standards 


Source of 
carotene 

Melting 

POINT, CORR. 

Bye standard. 
Carotene equiva- 
lent PFja cc. 

Potassium dichro- 
mate standard. 
Carotene equiva- 

lent per C’C. 


0(1. 

mg . 

mg . 

Carrot 1 

1750-1770 

0.00215 


Carrot 2 

171 . 50 - 175.50 

0.00227 

0.00205 

Alfalfa 

176 . 50-1790 

0.00228 

0.00210 


Average 

0.00223 

0.00208 


shows the carotene values of the two secondary standards. The carotene 
^ equivalent of the potassium dichromate solution was adopted as 0.00208 
mg. per cc. (See addendum.) 

llecent investigations have revealed the existence of two forms of caro- 
tene, a and (3 (6, 8) and possibly a third, y carotene (7). These findings 
raise the question as to whether the several forms are colorimetrically 
equivalent. Kuhn and Brockmann (6) have reported that in concentra- 
tions of the order of 0.00235 rag. per cc., the a and 3 forms appear to be 
equal; but that in higher concentrations there is a difference expressed 
/ by the proportion a carotene : 3 carotene : : 1.0 : 1 .2. The concentration at 
/ which they are equivalent is of the same order of magnitude as that 
j employed throughout the present investigation, the 0.036 per cent, potas- 
( siitm dichromate standard solution being equivalent to 0.00208 mg. of caro- 
tene per cc. Earlier workers used standards which had a carotene value 
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several times as high as that just described. Thus Willstatter and Stoll 
(17) and Coward (3) employed a 0.2 per cent, potassium dichromate solu- 
tion. 

In the use of a colorimetric standard, it is necessary to determine any 
deviation from Beer^s law for a given concentration of standard and type 
of colorimeter. Palmer (11) has plotted the data obtained by Will- 
statter and Stoll when a Wolff colorimeter was used, and notes that a 
Dubosq or Kober colorimeter should serve as well. Coward (3) has pre- 
pared a curve for the use of carotene solutions with the Hellige colorimeter. 
Of several types of colorimeters available, the Buerker was found to be the 
most satisfactory, probably because it compensates for the use of different 
solvents in the standard and in the unknown. 

To determine the relationship between observed and calculated values 
over a range of 5 to 20 mm. when the Buerker colorimeter was used, a series 
of solutions of known concentrations were prepared from alfalfa carotene 
and from lot 2 of carrot carotene. The solutions w^ere related as 1.5x, x, 
0.77x, and ().57x in the alfalfa carotene series and in the carrot carotene 
series the relationship w^as 2x, x, 0.65x, and 0.5x. In the case of each 
series, concentration x ^vas selected so as to match the standards as nearly 
as possible at equal depths, that is at 10 units on the scale. The various 
concentrations of carotene w^ere read in the colorimeter against the secon- 
dary standards set at the fixed depth of 10 mm. In table II the observed 
and (ialculated colorimeter readings are shown. The latter were calculated 
upon the assumption that there was no deviation from Beer’s law^ 

Although the differences between the observed and calculated values 
in table IT in most instances fall within the error of colorimetric observa- 
tion, yet they increase and are positive in character, as the colorimeter 
reading becomes greater, indicating a deviation from Beer’s law. These 
results and experience with the method in this laboratory lead to the 
recommendation that readings with the Buerker colorimeter should be 
made between ^nini. and 14 mm., with the standard set at 10 mm. 

The volatility of the low-boiling petroleum ether used necessitated 
special precautions in the preparation of solutions of known concentration. 
To avoid errors from the evaporation incident to pouring, dilution of the 
most concentrated solution of each series was carried out by measuring 
the required amounts from a 100-cc. burette into 100-cc. volumetric flasks. 
The burette was filled from the bottom by suction rather than by pouring, 
and tilting or agitation of the bottle of concentrated solution was avoided 
as much as possible. After the preparation of each dilution, the solution 
remaining in the burette was read colorimetrically and was found not to 
have undergone any change in concentration. The transfer of the various 






BUSSELL ET AL. : DETERMINATION OP CAROTENE 


335 


solutions to the colorimeter cup was made by pipetting rather than by 
pouring. 

As has already been stated, the dye standard of Sprague and Shive 
(16) was employed in the early stages of this investigation. That the 
results are essentially the same with both standards is evident from table 
II, and therefore the dichromate standard was adopted on account of its 
greater stability and reproducibility. When the dye standard was devel- 
oped several years ago by Sprague and Shive, it was evaluated against a 
carotene solution, prepared from plant tissue, whose carotene content was 
determined with a spectrophotometer through the courtesy of Dr. F. M. 
SoHERTZ of the United States Department of Agriculture. The carotene 
f value of the standard was placed at 0.00189 mg. per cc. As will be noted 
in table I, the average carotene value obtained by comparison with solu- 
tions of three different samples of crystalline carotene is 0.00223 mg, per cc. 
In view of the more recent findings with regard to carotene and because 
the solutions used in the present investigation were prepared from crystal- 
line carotene, the later value has been adopted as the carotene value of the 
dye standard in preference to the earlier one. 

Comparison of petroleum ether with aqueous acetone extraction 

In the early stages of this study 85 per cent, aqueous acetone, recom- 
mended by WiLLSTATTER and Stoll (17), was used for the extraction of 
dry plant tissue, prior to the transfer of the pigments to petroleum ether. 
Arnaud (1) had previously used direct extraction of the pigments with 
the latter solvent, and this step in the procedure was developed further in 
this investigation. A comparison of the results obtained by the two pro- 
cedures is presented in table III, in which it is evident that good agree- 


TABLE III 

Comparison or petroleum ether with aqueot^s acetone extraction 


Sample 

Carotene content, 
petroleum ether 
extraction 

Carotene content, 

AQUEOUS ACETONE 

extraction 


% 

% 


r 

0.0039 

0.0040 



0.0039 

0.0044 

Alfalfa 45 

1 

0.0040 

0.0040 


[ 

0.0040 

1 



f 

0.0167 

0.0176 

Spinach 44 | 

l 

0.0167 

0.0175 


ment prevails between the two methods. Hence direct extraction of dry 
plant tissue with petroleum ether was adopted because the procedure could 
be shortened without sacrifice of accuracy. 
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Average of duplicate determinations. 
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Loss of carotene due to manipulation 

To determine whether there was a loss of carotene during the analytical 
procedure, a solution of crystalline carotene was prepared so that 100 cc. 
contained an amount of carotene which was approximately the same as 
that in a sample of plant tissue used for colorimetric analysis. One hun- 
dred cc. of this solution was added to a weighed portion of dry plant tissue 
and the total carotene content determined. At the same time carotene was 
determined in another sample of the dried plant tissue. The difference 
between the amount of carotene determined in the prepared sample and 
that calculated to be present is the amount of carotene lost. In table IV 
these data and the percentage of pigment lost are shown, Ijosses of the 
order of 5 per cent, demonstrate that the destruction of carotene during 
the analytical procedure is slight and is probably within the range of 
experimental error. 

Application of analytical procedure 

In table V there is shown a series of results obtained upon samples of 

TABLE V 
Analytical results 


Alpalpa 45 

ALFAIJI’A 61 

Alpalpa 62 

Date 

(^AROTENE 

Date 

Carotene 

Date 

Carotene 

1/16/32 

% 

f 0.0038 
( 0.0041 

4/27/32 

% 

0.0062 

0.0061 

4/U/.32 

% 

0.0022 

0.0023 

1/2(5/32 

J 

1 

r 0.0039 

1 0.0039 

1 0.0040 
0.0039 

5/28/32 

0.0060 

4/24/32 

0.0024 

0.0024 

2/ 5/32 

f 0.0041 
\ 0.0041 

6/ 2/32 
7/19/32 

0.0063 

0.0059 

0.0057 

5/27/32 

0.0021 

0.0022 




8/ 8/32 

0.0058 

0.0055 

7/19/32 

0.0021 

0.0022 

Mean 


0,0040 


0.0059 


0.0022 

Coefficient of 
variation 


0.9(5 


3.5 


1.92 


alfalfa over a period of several months which demonstrate that consistently 
reproducible results can be obtained with the method described. The 
material was stored at 0° ±: 5®. 
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Summary 

1. The method originally described by WillstXtteb and Stoll, and 
since modified by others, has been examined critically and revised so as to 
permit a more complete separation of carotene from other plant pigments. 

2. A potassium dichromate solution, of lower color value than that 
employed by previous investigators, has been evaluated against carotene 
preparations of known purity and can be used when either the a or 3 or 
both forms of carotene are present. (See addendum.) 

3. The revised method permits a recover}^ of 95 to 97 per cent, of added 
carotene. 

Addendum , — ^After this paper was accepted for publication, spectral methods for the 
determination of a and p carotene were brought to a successful completion by Bb. E. S. 
Miller, National Besearch Council Fellow, Department of Chemistry, University of 
Chicago. (Plant Physiol. 9: 681. 1934.) 

Also the development of more refined procedures made possible a supply of a and p 
carotene. A small quantity of each of these isomers was purchased from the S.M.A. 
Corporation, Cleveland, Ohio, and portions of the same lot of each were sent to Dr. E. S. 
Miller and to his laboratory. Miller determined the purity of the two isomers and 
found it to be 97 per cent, in each case. The colorimetric value of the potassium di- 
chromate standard was evaluated against each of the isomers in this laboratory. Three 
separate weighings and solutions were made of each of the isomers. The values observed 
for the dichromate standard in the case of each of the isomers and their averages are 
shown in table VI. Although the values when compared with a carotene are generally 


TABLE VI 

O AND P CAROTENE EQUIVALENTS OT THE POTASSIUM DICHROMATE STANDARD 


Carotene 

SAMPLE j 

Purity 

Carotene equivalent per cc. op potassium 

DICHROMATE STANDARD 

Observed values 

Corrected to 97% 
purity 


% 

mg. 

mg. 

Alpha 

97 

0.00215 1 





0.00211 

Av. 0.00215 

0.00209 



0.00218 J 



Beta 

97 

0.00209 1 





i 0.00207 

^ Av. 0.00209 

0.00203 



0.00211 J 







Average 0.0026 


slightly higher than those for the p form, the difference between the averages of the two 
sets of readings is within the error commonly accepted for colorimetric work. Therefore 
it was considered advisable to average the corrected values and to adopt 0.00206 mg. per 
cc. as the carotene equivalent for the 0.036 per cent, potassium dichromate solution. 
This value is only slightly different from that originally adopted, 0.00208 mg. per cc. 
The use of a potassium dichromate standard of the above concentration will permit the 
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dotermination of the carotene content of plant tissue when onl^ one or both of the 
isomers are present. We wish to express to Da. Millsb our appreciation of his critical 
examination of our paper and of his cooperation in the making of these determinations. 
New Jersey Agrtcultural Experiment Station 
New Brunswick, New Jersey 
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EFFECT OF SOLAE RADIATION ON TRANSPIRATION OF 
HELIANTHU8 ANNVV8 

Emmett V. Mabtin 
(with five figures) 

Introduction 

Consid<*rable attention has been given to radiant energy as a factor in 
the rate of transpiration. Although the early investigations were for the 
most part qualitative in character, all demonstrated the strong accelerating 
action of radiation. Briggs and Shantz ( 4 , 6) have made extensive ob- 
servations of the daily march of transpiration and environmental factors, 
and have found a high degree of correlation between water loss and radia- 
tion. Recently, Arthur and Stewart (2) have measured the rate of 
transpiration of Nicofiana iabacum under controlled conditions in the 
laboratory, and find that to double the radiation increases the rate of 
water loss ai)proximately 1.7 times. However, an attempt to separate the 
effect of radiation from that of other environmental factors by means of 
measurements taken under natural conditions has never been made. From 
the point of view of the ecologist analyzing the factor complex, such de- 
terminations are of considerable value. In an experiment of this sort, it 
is necessary to change the amount of radiation received by the plants with- 
out materially altering the other environmental factors. These conditions 
were fulfilled in the present work by the use of specially constructed shade 
tents that transmit different amounts of radiation but allow such freedom 
of air circulation tliat the other factors are not appreciably affected. 

Methods 

In these experiments two types of shade tents were employed. The 
first consisted of a plane framework of wood 3 feet square covered with 
cloth, the weave and number of layers determining the intensity of radia- 
tion transmitted. These screens were supported at a distance of 1 to 2 
feet from the plants and were moved every few minutes during a series so 
as to maintain the plants in shadow. The second type was somewhat more 
elaborate in design, as shown in figure 1. The main arch is a 20-foot piece 
of 3-inch redwood batten bent into the form of a semicircle, while the lower 
arch is 10 feet long and of similar curvature. The centers of these two 
pieces are connected by a 4-foot piece of J-inch iron rod and their ends by 
6-foot pieces of batten. This structure is supported with the main arch in 
an east-west line by five stakes driven in the ground, one at each end of the 
6-foot crosspieces and one at the center of the lower arch. 
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Pio. 1. Above, distant view of entire group of tents; below, elose-up view of 
tent 2>. 

Five of these tents were used, each covered with a different type and 
thickness of cloth as follows : B with one layer of cheesecloth with a thread 
count of 20x16; C with one 28 x 24; D with one each of 20x16 and 
36 X 32 ; E with one layer of sheeting 56 x 60 ; and F with two layers of 
medium-weight white canvas. The iron rod across the center of each tent 
was removable, thus permitting the tents to collapse when not in use, a 
feature that was found to be necessary for even moderately windy days. 
A wooden box, 4 feet long, 2 feet wide, and 1 foot deep, to hold the phy- 
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tometers, was sunk in the ground in the center of the space covered by the 
tent, with its long side in an east-west line. During the fall and winter 
months, these tents cast the desired shadow all day ; but for use in summer, 
they would need to be constructed differently. 

For some of the series, plants of Helianthus annuus were grown from 
seed in water-tight, cylindric, galvanized iron cans 8 inches in diameter 
and 10 inches in height, while for others similar cans x 11 inches were 
employed. Each of these was fitted with a removable lid that had in its 
center a circular opening 2 inches in diameter. The soil used was a good 
loam of as nearly uniform texture and moisture as was feasible. The 
holard was set at approximately 65 per cent, of saturation (or 28 per cent, 
of the dry weight of the soil), and the total amount of water in each can 
was kept within 15 per cent, of this value throughout the growing period ; 
and during all series it was maintained constant within 3 per cent. When 
necessary, water was added through a glass tube extending into a layer of 
gravel about 1 inch thick in the bottom of the cans. When the plants were 
a few weeks old, the containers were sealed by adding a layer of sand about 
f inch thick on top of the soil, filling the opening in the lid with 
non-absorbent cotton, and corking the glass tube. The efficiency of this 
type of seal was tested by means of controls without plants. Weighings 
made on a torsion balance to the nearest gram during the time the experi- 
ments were in progress showed that such containers seldom lost a detect- 
able amount. This seal has an advantage over the paraffin type in that 
forced aeration is unnecessary (Clements and Goldsmith 6). 

In all series, six sets of from four to six plants each were used, one set 
under each tent and a control group in the open, the plants in each set 
being arranged so as not to shade one another. For the whole-day series 
the jilants were placed under the tents before sunrise and weighed every 
hour throughout the day. For the short series the plants were put in posi- 
tion about half an hour before the first weighing, which was usually about 
ten or eleven o'clock in the morning, allowed to remain undisturbed for 
two to four hours (the time depending upon weather conditions), and again 
w’^eighed. On account of the fact that clouds cause such rapid fluctuations 
in radiant energy, series could be run only during periods of cloudless skies. 
Measurements of air temperature, relative humidity, and average wind 
velocity were taken every hour during all series. Leaf areas in square 
decimeters were determined by multiplying the product of the length and 
width of the leaves in centimeters by the factor 0.0134 (6). 

Measurements of solar radiation intensity under each tent and in the 
open were taken two or three times each hour by means of the Smithsonian 
pyranometer (1), which records the intensity of radiation (direct plus dif- 
fuse) falling on a horizontal surface. The average intensity during a series 
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was determined by plotting the observed values on cross-section paper, con- 
necting consecutive points by straight lines as in figure 3, reading the values 
from this graph for every ten or fifteen minutes, and averaging them. 


Results 

The transpiration data and radiation measurements for the whole-day 
series of November 2, 1934, are given in tables I and II respectively, and 


TABLE I 

Transpiration data op November 2, 1934 


Time 

Tent 

A (CONTROL) 

B 

C 

I) 

E 

F 

ti 

* 

◄ 

30 

27 

47 

20 

25 

23 

7-8 t = 

0.98 

0.97 

0.95 

0.93 

0.90 

0.87 

T = 

0.27 

0.27 

0.41 

0.19 

0.28 

0.27 

W = 

118 

97 

105 

67 

64 

54 

II 

0.90 

0.92 

0.90 

0.90 

0.90 

0.92 

T = 

1.14 

3.02 

0.96 

0.86 

0.71 

0.59 

W = 

203 

136 

154 

109 

83 

65 

9-10 t = 

1.00 

0.98 

0.98 

0.97 

0.98 

0.97 

T = 

1.77 

1.35 

1.30 

0.99 

0.85 

0.68 

W = 

252 

198 

205 

161 

131 

103 

10-11 t = 

1.03 

1.05 

1.08 

1.10 

1.08 

1.10 

T = 

2.12 

1.83 

1.57 

1.30 

1.21 

0.95 

W = 

270 

220 

229 

183 

145 

115 

11-12 t = 

1.02 

1.02 

1.00 

1.00 

1.00 

1.00 

T = 

2.30 

2.09 

1.89 

1.62 

1.45 

1.16 

P. M. W = 

323 

253 

269 

225 

177 

148 

12-1 t = 

1.18 

1.18 

1.18 

1.18 

1.18 

1.18 

T = 

2.38 

2.08 

1.88 

1.69 

1.50 

1.27 

W = 

224 

189 

199 

161 

128 

105 

Jo 

11 

0.88 

0.87 

0.85 

0.83 

0.82 

0.82 

T = 

2.22 

1 2.13 

1.94 

1.72 

1 L.56 

1.29 

W = 

275 

233 

257 

213 

174 

142 

2-3 t = 

1.02 

1.02 

1.03 

1.05 

1.08 

1 1.12 

T = 

2.34 

2.22 

2.06 

1.80 

1.61 

1.28 

W = 

222 

179 

179 

153 

110 

90 

3-4 t = 

1.02 

1.02 

1.02 

1.03 

1.03 

0.98 

T = 

1.89 

1.70 

1.45 

1.31 

1.07 

0.93 

W = 

81 

60 

63 

52 

42 

33 

4-5 t = 

0.95 

0.93 

0.95 

0.93 

0.90 

0.93 

T = 

0.74 

0.63 

0.56 

0.50 

0.47 

0.36 


* W, water loss in grams per sot of five plants; t, time interval between weighings in 
hours j T, transpiration rate in grams per equare decimeter leaf area per hour. The leaf 
areas in square decimeters for the six sets are: A = 115, B = 103, C=121, D = 113, 
E = 100, and S’ = 99. 
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TABLE II 

Measurements of totai. radiation intensity on November 2 , 1934* 


Time 



Tent 



A (control) 

B 

C 

D 

E 

F 

7: 00- 7: 06 

0.032 

0.032 

0.029 

0.029 

0.028 

0.023 

7: 57- 8: 05 

0.413 

0.239 

0.275 

0.080 

0.092 

0.044 

8: 29- 8: 38 

0.557 

0.441 

0.394 

0.216 i 

0.119 

0.049 

8: 50- 8: 59 

0.652 

0.487 

0.440 

0.251 

0.136 

0.051 

9: 24- 9: 32 

0.77 

0.607 

0.492 

0.315 

0.151 

0.054 

9: 52- 9: 59 

0.83 

0.65 

0.537 

0.314 

0.156 

0.054 

10: 22-10: 32 

0.93 

' 0.73 

0.571 

0.349 

0.167 

0.057 

10: 52-11: 00 

0.99 

0.77 

0.66 

0.371 

0.177 

! 0.061 

11: 29-11: 37 

1.02 

0.78 

0.67 

0.372 

0.182 

0.061 

11: 52-12: 01 

1.01 

0.74 

0.66 

0.396 

0.172 

0.061 

12: 31-12: 38 

0.99 

0.73 

0.60 

0.406 

0.168 

0.061 

1 : 05- 1 : 14 

0.88 

0.70 

0.548 

0.381 

0.158 

0.061 

1: 41- 1: 48 

0.81 

0.583 

0.504 

0.354 

0.146 

0.061 

1: 59- 2: 05 

0.77 

0.573 

0.480 

0.342 

0.139 

0.058 

2: 28- 2: 37 

0.68 

0.494 

0.405 

0.273 

0.138 

0.051 

2: 58- 3: 07 

0.568 

0.407 

0.355 

0.244 

0.122 

0.044 

3: 37- 3: 43 

0.360 

0.248 

0.204 

0.163 

0.091 

0.039 

4: 03- 4: 08 

0.216 

0.168 

0.126 

0.117 

0.065 

0.032 

4: 35- 4: 41 

0.037 

0.037 

0.031 

0.055 

0.032 

0.021 

5: 01- 

0.008 







* Values of total radiation intensity are in calories per square centimeter per minute. 


are represented graphically in figures 2 and 3. In both figures curve A 



Fig. 2. Transpiration rates for series of November 2, 1934: Curve A corresponds 
to the open-air control and curves B to F to tents B to F respectively. 
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Pig. 3. Total radiation intensities for series of November 2, 1934: Curve A corre- 
sponds to the open-air control and curves B to P to tents B to P respectively. 

corresponds to the open-air control and curves B to P to tents B to 
F respectively. The transpiration curves for all six conditions are similar 
in the course of their daily march, but the absolute values decrease with 
lower radiation. The daily march is controlled by the variations in radia- 
tion and meteorological factors throughout the day; but while the radiation 
differs considerably for the various tents, the other factors are practically 
identical. Air temperature in the open rarely varied more than 1° from 
that under tent F, as can be seen in table III, while the averages for the 
two agreed very closely. The construction of the tents being such as to 
permit fairly free circulation of air, relative humidity and wind velocity 

TABLE III 

Meteouoloqical data Foil November 2, 1934 
I Time or day 



7 

8 

9~ 

10 

11 

12 

1 


3 

4 

5 

Air temperature 
(open)* 

.lO 

01 

67 

68 

70 

72 

74 

75 

76 

75 

68 

Air temperature 
(tent P) 

50 

01 

07 

08 

71 

73 

75 

75 

1 

75 

74 

67 

Relative humid- 
ity 

80 

58 

45 

53 

40 

40 

•i3 

40 

34 

30 

46 

Wind velocity 

i 

0.1 

0.1 

0.5 

3.3 

3.8 

4.8 

3.3 

3.8 

I 

4.8 

0.6 


* Air temperatures are in ° P. ; relative humidity in percentage ; wind velocity in 
miles per hour. Each value of wind velocity is the average for the hour preceding the 
time of day for which it is given. 
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TABLE IV 

Radiation and transpiration data for short series 


Date 

Time limits 

A (control) 

4/21/33 

10:00-2:30 R* - 
T = 

rT = 

1.36 

1.76 
± 0.035 

5/13/33 

12:15-3:00 R n 

T r 
r'r = 

1.32 

1.66 
± 0.044 

3/27/34 

10:45-3:00 R = 

T = 
r-rr 

1.09 

2.21 
± 0.032 

3/31/34 

10:30-3:00 R = 

T = 
rx = 

1.26 

2.74 
± 0.061 

8/1/34 

9:1W1:00 R = 

T = 

rT = 

1.45 

2.12 
± 0.076 

8/9/34 

1 10:30-1:30 R = 

T = 

1 rT = 

1.40 

4.90 
± 0.112 

8/11/34 

10:00-11:45 R = 

T = 

r-r^ 

1.39 

3.86 
± 0.031 

10/11/34 

10:15-3:15 R = 
T = 
rr = 

0.94 

2.75 
± 0.045 

10/22/34 

11:00-3:15 R = 
T = 

0.93 

2.23 
± 0.115 

11/2/34 

11:00-3:15 R = 
T = 

rx=: 

0.87 

2.31 
± 0.040 


Tent 


B 

C 

D 

e' 

r 

1.04 

1.43 

± 0.060 

0.81 
1.18 
± 0.034 

0.576 
1.01 
± 0.049 

0.343 
0.66 
± 0.040 

0.144 
0.55 
± 0.020 

1.00 
1.29 
± 0.038 

0.82 
1.21 
± 0.032 

0.550 
1.07 
± 0.041 

0.355 

0.93 

± 0.020 

0.143 
0.66 
± 0.031 

0.74 
1.69 
± 0.029 

0.61 
1.58 
± 0.038 

0.454 

1.38 

± 0.021 

0.257 
1.17 
± 0.022 

0.130 

0.93 

± 0.020 

0.87 
2.41 
± 0.062 

0.75 
2.32 
± 0.071 

0.475 
1.92 
± 0.046 

0.273 
1.63 
± 0.059 

0.082 
1.34 
± 0.035 

1.15 
1.95 
± 0.037 

0.96 
1.85 
± 0.036 

0.75 
1.61 
± 0.045 

0.529 

1.36 

± 0.021 

0.058 
0.99 
± 0.034 

1.13 
4.70 
± 0.132 

0.79 
4.45 
± 0.107 

0.494 

3.92 

± 0.026 

0.205 

3.30 

±0.133 

0.061 
3.14 
± 0.098 

1.06 
3,61 
± 0.175 

0.71 

3.01 

± 0.108 

0.415 
2.75 
± 0.021 

0.208 
2.69 
± 0.058 

0.086 
2.58 
± 0.078 

0.72 
2.28 
± 0.028 

0.570 
2.09 
± 0.043 

0.374 
1.90 
± 0.031 

0.198 
1.62 
± 0.039 

0.088 
1.33 
± 0.032 

0.63 

1.77 

±0.045 

0.592 

1.85 

±0.055 

0.348 
1.40 
± 0.042 

0.157 

1.16 

±0.036 

0.059 
1.08 
± 0.051 

0.65 
2.13 
± 0.009 

0.526 
1.94 
± 0.032 

0.345 
1.71 
± 0.051 

0.150 
1.53 
± 0.033 

0.055 
1.25 
± 0.037 


* R, average radiation intensity in calorics per square centimeter per minute for period between weigh- 
ings; T, average transpiration rate in grams per square decimeter per hour for same period; Ft, probable 
error in T calculated from values given by the various individuals in each set of plants (number of plants in 
each wt is shown in table V). 
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likewise showed very little difference, so that only the values of these fac- 
tors obtained from measurements in the open are given in the table. 

The transpiration and radiation data for the short series are recorded 
in table IV, while meteorological and other data are included in table V. 
The series of August 1 was run at Windy Point, elevation 12,000 feet, on 
the slopes of Pike’s Peak; those of August 9 and 11 at Colorado Springs, 
Colorado, elevation 6000 feet ; and all others at Santa Barbara, California, 
practically at sea level. The results from five of these series are shown 
graphically in figure 4, which portrays transpiration rate as a function of 



Fig. 4. Besults of short series of April 21, 1933 (5), August 1, 1934 (4), August 
9, 1934 (1), August 11, 1934 (2), and November 2, 1934 (3). 

radiation intensity. Curve 1 represents the data of August 9, curve 2 those 
of August 11, curve 3 those of November 2, curve 4 those of August 1, and 
curve 5 those of April 21, In all cases, not only does the rate of transpira- 
tion increase with higher intensity of radiation, but the rate of increase is 
linear. Accordingly the data from all short series are best represented 
graphically by straight lines, or mathematically by equations of the type 
T = b + mR, where T is the rate of transpiration, R the radiation intensity, 
b the intercept on the T axis, and m the slope of the straight line. Prom 
the point of view of the plant, b should represent the transpiration rate as 
determined by the combined action of all factors other than radiation, while 
m should be a measure of the direct effect of the latter. 

The method of least squares (various texts, and Bibge 3) was employed 
in obtaining from the various series the values of b and m and their prob- 
able errors (table V). Both m and b were found to vary considerably for 
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the different series. Since b is influenced by several factors, it does not 
show a high degree of correlation with any particular one. In general, 
however, it increases with higher evaporating power of the air; m, on the 
other hand, does not vary in the same manner as b. This is readily dis- 
cernible from table V, but is also clearly shown by the data from the whole- 
day series of November 2. If the average transpiration rates and radiation 
intensities for the period 8~9 are used, the value of b is found to be 
0.406 it 0.012 and that of m is 1.203 it 0.037. Similarly, the data for the 
period 12-1 yield b = 1.200 ± 0.027 and m = 1.194 ±: 0.046. The former is 
distinctly different for the two periods, while the latter remains constant; 
hence m is apparently not affected by changes in environmental factors 
such as take place during the day. On this basis the observed changes in 
m for different days must be ascribed to some factor or factors in which 
changes from day to day take place. Two outstanding examples of these 
are size and age of plants. There appears to be no correlation between 
average leaf area and m, but there does seem to be a definite relation with 
age, which is graphically shown in figure 5. Both m and the rate of change 
of m with age decrease with increasing age. Of the ten points plotted, 



Fig. 6. Slope of transpiration rate vs. radiation intensity curves as a function of 
age of plants in days. 
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only two are off the curve by more than their probable errors, and these 
by only twice that amount. 

An indication of the importance of radiant energy as a factor in tran- 
spiration is furnished by the ratio mR/(mR4 b), which gives the fraction 
of the rate of water loss that is ascribable to the direct effect of radiation. 
Since this ratio is influenced b}’’ a number of factors, it varies over a wide 
range of values and is usually larger on cold humid days than on warm 
dry ones. Under the conditions in these experiments, it varied from 38 to 
81 per cent., but under more extreme conditions a greater range could be 
expected. 

Leaf temperatures of the plants in the open and under tent F were 
taken at noon for three of the series by means of the well known thermo- 
couple method (7). The temperature of leaves hanging nearly at right 
angles to the sun’s rays in the open averaged about 1° C. above that of the 
air, while that of leaves under tent F was about 5*^ C. below. These tem- 
peratures, however, fluctuated so much with air currents and for different 
leaves on the same plant that no attempt was made to obtain the average 
for entire plants under the various conditions. 

Accuracy of results 

The designers of the pyranometer (1) claim that it is accurate to 1 per 
cent. However, the method used in the present wox’k to obtain the average 
over a period of a few hours introduces another factor of uncertainty, w^hich 
can only be estimated; but it seems conservative enough to place the proba- 
ble error in the average intensities given in table IV at from 2 to 3 per cent. 

Errors in the measurements of the rate of transpiration may be grouped 
into two classes, accidental and constant or systematic. The former in- 
cludes errors in weighing, in measurements of leaf areas, and those caused 
by structural differences in the plants themselves. Since these will appear 
in the results as variations among the individuals in each set of plants, an 
estimation of their magnitude is furnished by the probable errors in the 
values of T. These were calculated by the method of least squares from 
the individual values that were averaged to obtain T and are given in table 
IV as rT. Expressed in percentage of T, these range from 0.4 to 6.1 with 
an average of 2.7 per cent. 

An estimation of the accuracy with which the data are represented by 
equations of the type T = b + mR was obtained from the deviations of the 
observed values of T from those calculated from these equations with the 
appropriate values of m and b. Expressed in percentage of the calculated 
values, these deviations range from 0 to 8.3 with an average of 3.0 per cent. 
Since these are of the same order of magnitude as the probable errors in T, 
the relation between rate of transpiration and intensity of radiation can 
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be considered linear within the limits of experimental error. These devia- 
tions are responsible for uncertainty in the values of b and m, given in 
table V with their probable errors which in the case of b range from 2.2 to 
6.2 with an average of 3.5 per cent., and in the ease of m from 2.8 to 7.0 
with an average of 4.8 per cent. 

Tlie second class of errors (constant or systematic) includes those caused 
by such factors as stomatal opening, time required to weigh the entire 
group of plants, and differences in the quality of radiation under the various 
tents. The degree of opening of the stomata of each set of plants was 
determined at hourly intervals during the whole-day series and most of 
the short ones by means of the alcohol method (10), but at no time was any 
appreciable difference found. The uncertainty introduced by the time 
taken to w^eigh the entire group of plants (20 to 25 minutes) has been dis- 
cussed in an earlier paper (7) and shown to be negligible under the condi- 
tions of these experiments. 

Ivanov and Thielman (9) have shown that the rate of transpiration of 
potted plants may be 50-60 per cent, greater under blue-violet than under 
red-yellow light of tlie same intensity. Accordingly this factor must be 
considered as a possible source of error in these investigations, since there 
is a gradual shift in the wave length of maximum intensity in passing from 
open air condition A to tent F, The plants in the open receive full sun- 
light, while those under tent F get only the light reflected from nearby 
objects and that from the north sky with its greater proportion of short 
wave lengths. The operation of this factor would tend to increase the 
transpiration rates in the lower range of intensity, which would appear in 
the results in the form of larger values of b and smaller values of m than 
would be obtained with no differences in quality. 

Discussion 

Leclerc DU Sablon (11) has suggested tliat the accelerating effect of 
radiation on transpiration may be due partly to heating of the leaves and 
partly to a change in the permeability of the protoplasm. Confirmation 
of the second part of this hypothesis has been furnished by Ivanov and 
Thielman (9), who have shown that the transpiration of potted plants may 
be 50-60 per cent, greater under blue-violet light than under red-yellow 
light of the same intensity. They suggest that this effect is due to a 
greater influence of the blue-violet on the permeability of the protoplasm. 
Lepeschkin (12) has shown that the permeability of the protoplasm of 
Elodea leaves to methylene blue increases with increase of light up to 10 
per cent, of full sunlight, but for intensities above this there is very little, 
if any, change. Since practically all the intensities used in the present 
work are above this value, it may be that change of permeability plays a 
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Yalnee of b and in given are accompanied by their probable errors calculated by the method of least squares. 
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minor role in the results, and that the accelerating action of radiation 
observed is due largely to its heating effect. No estimate of the relative 
magnitude of the effects of these two factors was obtained in these experi- 
ments, since it would require knowledge of air and leaf temperature differ- 
ences as well as of the amount of radiant energy absorbed by the leaves, 
both of which are much too variable under natural conditions to be mea- 
sured accurately. The fact that the relation between radiation and tran- 
spiration is linear, however, indicates that any change of permeability that 
may exist under the conditions in these tests will be either small in com- 
parison to the heating effect or directly proportional to the intensity of 
radiation. 

Similarly, the cause or causes of the variation of the accelerating effect 
of radiation with age of the plants (fig. 5) cannot be determined from the 
results of these investigations. Since the slope of the straight lines (m) 
represents the direct effect of radiation on the transpiration rate, the de- 
crease that occurs in it with increasing age of the plants must be associated 
with changes in the influence of radiation. If the latter is of a twofold 
nature, as already mentioned, these changes in m may be brought about in 
either of two ways. The changes that take place in the leaves as they grow 
older may be such that the coefficient of absorption for radiation is reduced 
so that the heating effect is less pronounced, or they may be such that the 
influence of radiation on the permeability of the protoplasm becomes less 
effective with increasing age. 


Summary 

1. The influence of radiation on the rate of transpiration of Helianthus 
annuus has been measured under natural conditions by the use of shade 
tents constructed so as to transmit different amounts of radiation and to 
permit such freedom of air circulation that other environmental factors 
were not altered appreciably. 

2. The ten series made covered a rather wide range of conditions, but 
in all cases the relation between radiation intensity and transpiration rate 
was found to be linear within the limits of experimental error. 

3. The results of all series could be satisfactorily represented by equa- 
tions of the type T = b + mR, where T is the transpiration rate, R the radia- 
tion intensity, b the intercept on the T axis, and m the slope of the straight 
line. 

4. It was found that b varied directly with the evaporating power of 
the air and m inversely with the age of the plants. 

5. The fraction of the transpiration rate due to the direct effect of 
radiation is given by the ratio mR/(mR + b), and for plants in full sunlight 
was found to vary from 38 to 81 per cent., depending largely upon the 
evaporating power of the air. 
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6, Calculations of probable errors indicate that on the average the 
results are accurate to within 5 per cent. 

Cabneoie Institution or Washinoton 
Santa Babbaba, Califobnia 
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METHOD POE QUICKLY DETERMINING NITROGEN IN PLANTS, 
AND SOLUBLE NITROGEN AS A MEASURE OP THE 
NITROGEN AVAILABLE POR ANA- 
BOLIC PROCESSES* 

£. M. Emmebt 

Part I: Determination of total nitrogen 
In previous papers ( 1 ) a method was described for determining total 
nitrogen by oxidizing with sodium chlorate and sulphuric acid, distilling 
and determining nitric acid in the distillate by the phenoldisulphonic acid 
method. This procedure, although more rapid than the standard Kjeldahl 
method, requires considerable time and equipment, and the technique is 
rather exacting. Recent work has shown that, by regulating conditions 
properly, distillation can be dispensed with and the desired result accom- 
plished by adding phenoldisulphonic acid directly to the mixture after 
oxidation. 

Procedure 

Put 100 to 300 mg. of finely ground, well averaged, dry tissue or 500- 
1500 mg. of green tissue into a 200-cc. Erlenmeyer flask. There should be 
at least 0.5 mg. of nitrogen in the sample used. Add 1 gm. of sodium 
chlorate for each 100 mg. of dry sample or each 500 mg. of green sample. 
Add 25 cc. of 50 per cent, by volume sulphuric acid and attach the flask 
to a water-cooled reflux condenser. Heat with a high flame until the oxida- 
tion is complete and all chlorine color has disappeared from the solution 
(usually 3 to 5 minutes). Remove the flame, flush out the condenser with 
10-15 cc. of 50 per cent, sulphuric acid, cool somewhat (a cold water bath 
may be used) , detach from the condenser and make the solution to 50 cc. 
with 50 per cent, sulphuric acid. Immediately put exactly 1 or 2 cc. of 
the solution into a suitable graduated flask, add 3 or 6 cc. of phenoldi- 
sulphonic acid, mix well, add about 20 cc. of water, make alkaline with 
40 per cent. NaOH solution, adding it until the maximum yellow color is 
produced and make to volume. After thorough mixing, the clear solution 
is compared with a standard in a colorimeter. The volume of the solution 
should be such that the color is fairly close to that of the standard. 

Notes 

1. In low nitrogen samples larger aliquots may be used, but the phe- 
noldisulphonic acid should be increased in proportion. It may be advan- 
iThe investigation reported in this paper is in connection with a project of the 
Kentucky Agricultural Experiment Station and is published by permission of the 
Director, 
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tageous to keep the amount of acid lower so that the dilution can be less 
than 50 cc., although too little acid should not be used since the efficiency 
of the oxidation may be reduced. 

2. If the solution after phenoldisulphonic acid addition is yellow, the 
decomposition of chloric acid was not complete and the heating was not 
continued long enough. 

3. Most of the chlorine is expelled as chlorine gas, but some chloride 
is left in the acid solution. When the aliquot was small and the phenoldi- 
sulphonic acid was added to the 50 per cent, acid solution immediately 
after the oxidation instead of to dry salts, no loss of nitrate could be 
detected. A standard nitrate solution was treated with chlorate as de- 
scribed in the procedure and no loss was detected, even in larger aliquots, 
when the phenoldisulphonic acid was added to the 50 per cent, acid solu- 
tion. The presence of a small amount of water to keep the salts in solution 
overcomes the loss caused by chloride, which would be experienced if phe- 
noldisulphonic acid were applied to dry salts. Evidently nitrosyl chloride 
is not formed in the presence of water, and as long as the acid is not 
diluted too much the reaction between nitrate and phenoldisulphonic acid 
is complete. 

4. Presence of much iron, manganese, or perhaps some other heavy 
metals causes loss of nitrate nitrogen. Error from this source is not 
appreciable in the analysis of normal plant tissues since the amount of 
heavy metals in relation to the nitrogen present is very small. In soils 
and some fertilizers, however, enough heavy metal may be present to cause 
loss. The writer has devised a procedure for soils (5) in which the metals 
are precipitated in the presence of excess oxidizing agent, before adding 
phenoldisulphonic acid. 

5. The reaction with chlorate usually proceeds smoothly without the 
formation of chlorine dioxide. If green fumes of chlorine dioxide should 
start accumulating it is usually because too low a flame was used and the 
air in the flask above the solution was not raised to over 100® before the 
solution got hot. Even then, with the small amount of chlorate used, 
chlorine dioxide seldom accumulates enough to cause a serious explosion. 

6. A round-bottom flask should not be used since the reaction is more 
likely to be violent. The wide bottom of an Erlenmeyer spreads out the 
solution and does not allow action to be concentrated at one point. Reflux 
of water usually washes back any particles of sample which stick to the 
sides of the flask. If a high flame is used the solution boils up enough to 
reach most particles on the sides of the flask. 

7. On cooling, sodium sulphate may crystallize out of the neutralized 
yellow solution, especially if the volume is small. For accurate work it is 
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best not to remove these crystals, since the hydration of the crystallized 
salts tends to concentrate the solution and cause a high result. It is best 
to warm the solution a little or keep it warm enough to prevent crystalli- 
zation. In fact, the most accurate colorimetric readings are obtained 
immediately after dilution to the final volume, before the solution has a 
chance to change temperature very much and cause slight volume changes 
or crystallization of salts. 

Results 

Tables I and 1 1 show' the results obtained on some plant tissues of 
different kinds. The Kjeldahl results were obtained by the chemistry, 
agronomy, and feed control departments of the Kentucky Experiment 
Station in their regular routine work. These results were taken as correct 

TABLE I 

Total nitrogen pound by the Kjeldahl and chlorate methods 
(percentage of dry tissue) 


Sample 

Kjeldahl 

METHOD 

Chlorate 

method 

Percentage 

ERROR 

Tobacco 1 

% 

% 

% 

Leaves (cured) 

2.85 

2.84 

-0.35 

‘ Young plants 

4.35 

4.35 

0 

Medium aged plants 

3.96 

3.98 

+ 0.51 

Old plants 

3.55 

3.51 

-1.13 

Boots 

1.48 

1.42 

-4.05 

Lespedeaa 

3.38 

3.40 

+ 0.58 

Egg mash (1) 

3.07 

3.065 

-0.16 

Egg mash (2) 

3.14 

3.13 

-0.32 

Purina calf chow 

4.25 

4.31 

+ 1.41 

Dairy ration 

3.23 

3.13 

-3.09 

Mixed feed 

2.23 

2.38 

+ 6.72 

Cottonseed meal 

6.26 

6.25 

-0.16 


TABLE II 

Tomato tissue (percentage of green tissue by chlorate method) 


Sample 

Determina- 
tion 1 

Determina- 
tion 2 

Percentage 

ERROR FROM 
AVERAGE 


% 


% 

Plant 1, stems 

0.1137 

0.1126 

0.44 

Plant 2, stems 

0.1042 

0.1000 

2.01 

Plant 1, leaves 

0.3677 

0.3572 

1.52 

Plant 2, leaves 

0.4167 

0.4167 j 

0 

Young lettuce plants 

0.2273 

0.2232 i 

1 

0.88 
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in figuring the percentage of error. Table II presents duplicate results 
obtained on green tissue samples. 

These results indicate that the presence of water does not affect the 
determination. In fact it is to be expected that water would not interfere, 
since 50 per cent, sulpliuric is used. The interference by water is a seri- 
ous objection to the Kjeldahl method when used on certain samples, as 
shown by Ranker (6). 

The errors from theoretical are not large excepting in the case of 
pyridine (table III). The stable sulphate formed with pyridine evidently 


TABLE III 

Determination of nitrogen in pure organic compounds 


Compound 

Theoretical 

N ADDED 

N FOUND 

Percentage 

ERROR 


mg. 

m q. 

% 

Picric acid . 

18.337 

18.48 

+ 0.77 

Picric acid 

9.168 

9.20 

+ 0.34 

Sulphanilic acid 

6.692 

6.67 

- 0.33 

Sulphanilic acid 

6.692 

6.54 

- 2.27 

Strychnine sulphate 

3.27 

3.26 

- .33 

Pyridine . . . 

8.849 

2.20 

- 75.25 


was attacked very little by the oxidizing agent. It will be noted, how- 
ever, that strychnine gave almost theoretical results. Evidently alkaloids 
which are derivatives of pyridine or quinoline are readily oxidized if side 
chains are present, but when no side chain is present to form a path into 
the ring, the alkaloid is not broken down. The Kjeldahl method is not 
effective on pyridine or (piinoline either. 

The low results with sulphanilic acid were probably due to slight 
impurities since this acid is difficult to obtain absolutely pure. 

The nitrogen in a mixture of 50 mg. of pyridine and 50 mg. of j-oung 
tobacco plant (same sample as in table I) was determined in the usual way. 
The nitrogen found gave exactly 4.35 per cent, nitrogen for the tobacco, 
leaving no N for pyridine. Evidently the pyridine was not attacked at all 
in the presence of the tobacco. 

Part II : Determination of soluble nitrogen 

In 1929 a method for the rapid determination of nitrate nitrogen was 
published (3). This method has proved valuable in work with succulent 
plants, especially of the stem tissues which are rather easy to free of inter- 
fering organic suKstances. The use of copper hydroxide produces satis- 
factory extracts for the application of the phepoldisulphonic acid method, 
where the amount of nitrate nitrogen is high in relation to the carbo- 



EMMERT: NITROGEN DETERMINATION 


859 


hydrate present, as in succulent, rapidly growing stem tissues of tomatoes, 
lettuce, cabbage, etc. In leaf tissues and in woody stems, however, inter- 
ference by carbohydrates and other organic compounds is often encoun- 
tered. It was found that legumes with zero nitrate grew luxuriantly. 
Evidently these plants were getting all the nitrogen for growth in a form 
other than nitrate. There is reason to believe that considerable nitrogen 
is absorbed from the soil and soil air in forms other than nitrate, especially 
through the action of root nodules and by fertilization with ammonium 
sulphate or calcium cyanamid. Tiedjens and Eobbins (7) and others 
have shown that ammonia nitrogen is freely assimilated by plants. In 
order to overcome interference by soluble organic compounds and also to 
determine the total nitrogen available for metabolism, a method for deter- 
mining the total nitrogen in plant extracts was devised. This nitrogen, 
since it includes all nitrogen in true solution in the plant extract, was 
termed soluble nitrogen. The method consists in oxidizing all material 
completely by the use of sodium chlorate. This causes all the nitrogen to 
be converted to nitrate and decomposes all organic compounds, leaving 
only nitrate and traces of metals, phosphate phosphorus, etc., in solution. 
The interference by organic material is entirely overcome. Most of the 
chlorine is driven off; some chloride is present after oxidation, but this 
does not cause loss of nitrogen as previously explained in note 3 under the 
total nitrogen determination. Notes 2, 4, and 7 also apply here. 

Procedure 

Introduce by means of a graduated pipette 0.1-4).5 cc. of the plant 
extract depending on the concentration of nitrogen (extraction wdth weak 
acetic acid as previously described ( 4 ) seems preferable), into the bottom of 
a test tube (20x150 mm.) without wetting the sides of the tube. The 
sample should contain at least 0.005 mg. of nitrogen. The addition of 
reagents should be in proportion to the size of the aliquot used. Add a 
granule of sodium chlorate about the size of a grai^ of wheat. Add 0.2~1.0 
cc. of fuming sulphuric acid (15 per cent. SO«) rather rapidly and without 
shaking so that the solution will boil and excess chloric acid will be decom- 
posed. Shake and blow across the top of* the tube until all the chlorine 
is expelled as indicated by the disappearance of the greenish yellow color 
and the formation of a perfectly clear, colorless solution. Immediately 
add 0. 1-0.5 cc. of phenoldisulphonic acid and shake. After about 30 seconds 
add 2.0^10 cc. of water and clear 40 per cent, sodium hydroxide until the 
maximum yellow color develops and an excess of alkali is present. Care 
must be taken, if a large aliquot and amount of reagent have been used, 
to prevent excessive boiling and loss of solution. It may be necessary to 
transfer to a larger vessel for the neutralization. Make the yellow solution 
to a volume which brings the color fairly close to the color of the standard 
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used and compare in a colorimeter. The standard used for results pre- 
sented here contained 0.0025 mg. of nitrogen per cc. A 1- or 2-gm. sample 
of green tissue was extracted by grinding with about 0.1 gm. acid-treated 
charcoal and 10 cc. of 2 per cent, acetic acid.® j 

Variations in soluble nitrogen 

Table IV shows that the method gave very good results on aliquots from 
the same sample, and that the differences between samples from the same 

TABLE IV 

Variations in amounts of soluble nitrogen between aliquots of same extract, 

PETIOLES of same PLANT, AND PLANTS WITHIN A FEW FEET OF 
EACH OTHER ON SAME FIELD PLOT 


Plant 

Aliquot 

Percentage of 

1 P.P.M. 

2 P.P.M. 

GENERAL AVERAGE 

Petiole 


1 

At 


% 

fi 

696 



696 

96.4 

1 -! 2 

696 



690 

96.0 

; 3 

580 



580 

80.3 

Average 


656.3 


90.9 

. . 

696 



696 

96.4 

617 



617 

85.4 

Average . . 


656.5 


90.9 


V 867 



867 

120.1 

906 



906 

125.5 

Average i 

886.5 

122.8 

General average I 

728,1 

100. 


plant probably were due to actual variations in soluble nitrogen in the 
different petioles taken for analysis. It is possible that the variations were 
at least partly caused by variations in the extraction process, but it is 
natural to expect fluctuations in petioles taken from different parts of the 
plant and which must vary to some extent in age and size. Of course, an 
even larger variation is to be expected between different plants even if they 
presumably are in the same soil type. 

Comparisons between soluble and nitrate nitrogen 

The question naturally rises as to how n^uch more soluble nitrogen there 
is than nitrate nitrogen. Table V shows that plants differ widely in the 
ratio of soluble to nitrate nitrogen although the ratio was quite constant 
for a particular type of plant in most cases. Lima beans gave an indefinite 
* Weakened fuming sulphuric acid or isolation of particles of chlorate on the sides 
of the tube may result in incomplete decomposition of chloric acid. This will act on 
phenoldisulphonic acid and cause off-color tints. 
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TABLE V 

COMPARISOK OP AMOUNTS OP SOLUBLE NITEOGEN TO NITRATE NITEtOOEN IN SAME PLANT EXTRAC3T. 
BpPBCT ON PHOSPHATE PHOSPHORUS IN THE EXTRACT (P.P.M. OP OREEN TISSUE) 


Sample 

Soil and treatment 

IN LB. PER ACRE 

Soluble 

N 

Nitrate 

N 

Ratio 

Soluble 

N: 

Nitrate N 

Phos- 
phate P 



p.p.m. 

p.p.m. 

I 

p.p.m. 

Tomato (young) 

Red clay 

4167 

910 

4.6 

320 

lower petioles 






Tomato (young) 

Red clay 

4310 

910 

4.7 

266 

lower petioles 






Tomato (young) 
lower petioles 

Red clay and super- 
phosphate, 500 lb. 

3012 

1000 

3.0 

364 

Tomato (young) 
lower petioles 

Red clay and i^per- 
phosphato, 500 lb. 

3049 

1062 

3.0 


Tomato (old) 
lower petioles 

Black loam 

I 2500 

625 

4.0 

• 645 

Tomato (old) 

Black loam 

2777 

625 

4.4 

645 

lower petioles 






Tomato (old) 

Black loam 

2777 

555 

6.0 

667 

lower petioles 






Cabbage (half- 
grown) midribs 

Red clay plus 

(Nn,)SO,, 250 lb. 

^ 1661 

1190 

1.4 

80 

Cabbage (half- 
grown) midribs 

Red clay plus 

CaONa, 260 lb. 

805 

570 

1.4 

100 

Cabbage (half- 
grown) midribs 

Red clay plus 

NaNO„ 260 lb. 

1340 

925 

1.4 

74 

Cabbage (half- 

Check 

670 

570 

1.2 

143 

grown) midribs 






Peaches 

Black loam 

260 

55 

4.7 

222 

growing tips 






Peaches 
growing tips 

Black loam plus 
(NH*)^0„ 3 lb. 
per tree 

416 

0 

00 

92 

Lima beans (old 

Red clay (chock) ^ 

250 

0 

00 

25 

plants) main 






stems 






Lima beans (old 
plants) main 

Red clay plus super- 
phosphate, 2000 lb. 

261 

0 

00 ‘ 

83 

stems 






Lima beans (old 
plants) main 

Red clay pine 8 ton 
limestone 

160 

0 

00 

39 

stems 






Lima beans (old 
plants) main 

Black loam (check) 

420 

0* 

00 

126 

stems 






Lima beans (old 
plants) main 
stems 

Black loam plus 
nitrate, 400 lb. 

2500 

1390 

1.8 

n 
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ratio since the nitrate was zero. They evidently were feeding entirely on 
nitrogen other than nitrate. However, when large amounts of nitrate were 
added considerable nitrate was present in the stems and caused a ratio of 
1.8. Tomatoes maintained a ratio between 3.0 and 5.0, while cabbage was 
a still more vigorous collector of nitrate, maintaining a ratio of 1.4 even in 
the presence of ammonium sulphate and calcium cyanamid. The data on 
peaches indicate that peaches may collect nitrogen in the ammonium form 
if so supplied. 

Effect of soiajble nitrogen on phosphate phosphorus 

Except on soil to which superphosphate was added, increase in soluble 
nitrogen in the plant was almost always associated with a marked decrease 
in phosphate phosphorus. This is brought out very strikingly in table V. 
Evidently, when plenty of soluble nitrogen is present, phosphate phos- 
phorus becomes limited because of the stimulus to rapid growth and conse- 
quent rapid utilization of the phosphate supply. 

Eelation of soluble nitrogen and phosphate phosphorus 
to plant vigor and yield 

Increases in soluble nitrogen correlate with plant vigor but not always 
with yield. This is shown in table VI, by the lima beans. Medium sized 
vigorous bean vines on level highland, with a medium soluble nitrogen and 
relatively high phosphate content, yielded six times as much as large, 
dark green, vigorous vines in a rich lowland. The content of soluble nitro- 
gen in those in the lowland was three times as large, and that of phosphate 
was larger than in those on the highland. Despite the higher phosphate, 
the yield was smaller because the very high soluble nitrogen threw the 
vines to vegetative growth. In beans the soluble nitrogen-phosphate ratio 
is one of the most important factors determining yield. Determinations of 
nitrate in lima beans would not mean much, especially if vigorous nodule 
formation takes place. The same would probably hold true with peaches 
as with lima beans. It is especially hard to determine nitrate in peaches 
since organic substances (probably largely amygdalin) interfere in the 
test. 

Main stems of lima beans, large new shoots of peaches (not the growing 
tip), and large midribs of cabbage leaves were used for analysis (table VI). 
Different shoots from the same tree were used in securing the duplicate 
results on peaches. The yields of cabbage (variety Jersey Wakefield) are 
pounds for 200 feet of row. The season was rather dry and the heads 
small. 

In cabbage, however, the determination of nitrate is easy and probably 
is significant, although soluble nitrogen is undoubtedly about as significant. 
It seems, however, that cabbage is an especially heavy feeder of nitrate and 
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TABLE VI 

Relation op soluble nitrogen and phosphate phosphorus to plant vigor and yield 


Crop 

Location or 

Soluble 

Phos- 

Ratio 

Notes on vigor 

treatment 

N 

PHATE P 

N/P 

AND YIELD 


On sloping land with 




Comparative yields at 


considerable wash 

143 

95 

1.5 

one picking, 8 lb. 
(green beans and 
pods) per 200 ft. of 






row 

Lima 

On level high land . 

298 

160 

1.9 

Per 200 ft. of row, 25 

beans 





lb. ; medium sized 
vigorous green vines 


In rich bottom . . 

893 

190 

4.7 

Per 200 ft, of row, 






4 lb. ; very large 
over-vegetative dark 
green vines 


On top of hill 

699 

571 

1.2 

Leaves yellowish and 

Peaches - 

(medium slope) 

767 

571 

1.2 

dropping off; trees 
medium size (sam- 
ples taken July 13) 

At bottom of hill 

1736 

1 1111 

1.6 

Vigorous large trees 


1838 

900 

2.0 

uith dark green 
leaves, very few 








leaves dropping 


Cheek 

670 

143 

4.7 

Yield 58 lb. ; light 
green and small 


250 lb. CaCN, per 





acre 

805 

100 

8.1 

i Yield 84 lb.; dark 

Cabbage 

250 lb. NaNO, 

1340 

74 

18.1 

green and large 
Yield 113 lb.; dark 


250 lb. (NH.),S04 




green and large 


1661 

80 

20.8 

Yield 71 lb.; medium 






green and fairly 






large 


does best when fertilizer is added as nitrate, since sodium nitrate produced 
the largest yield, despite the fact that ammonium sulphate produced the 
highest soluble nitrogen content. Previous work (2) indicates that an acid 
soil reaction lowers utilization of nitrogen in the meristem while an alkaline 
reaction favors its utilization. Since ammonium sulphate tends to produce 
acidity and sodium nitrate, alkalinity, this may explain why ammonium 
sulphate caused an accumulation of soluble nitrogen in the cabbage midrib, 
while sodium nitrate produced larger yields despite the slightly lower 
soluble nitrogen reserve in the midribs. Anjrthing which slow^s up nitrogen 
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utilization is likely to cause an accumulation of soluble nitrogen in the con- 
ducting tissues if there is a vigorous nitrogen uptake by the roots. The 
fact that calcium cyanamide produced a larger yield than ammonium sul- 
phate, despite a lower soluble nitrogen content, gives further proof of the 
beneficial effect of alkaline fertilizers on cabbage, since cyanamide is much 
more alkaline than sodium nitrate and probably causes a rapid nitrogen 
utilization. Tiedjens and Robbins (7) show definitely that ammonia is 
assimilated as ammonia in an alkaline reaction in sand cultures and that 
the tomato and soy bean make better growth with ammonium hydroxide 
than with either nitrate, calcium, or ammonium sulphate. Poor growth 
was made with ammonium sulphate except when the pH was around 8. 
Peach, apple, and rose seedlings grew best with ammonia in an alkaline 
medium. Nitrate was assimilated best in an acid reaction, however, 
although growth was not so good as with ammonia in an alkaline reaction. 

It seems from the data presented in this paper and from previous work 
on tomatoes, that an extensive study to determine the optimum amounts 
and ratios of soluble nitrogen and phosphate phosphorus for each type of 
plant would be of great technical interest and practical importance. 
IJNivmsiTY OP Kentucky 
Lexington, Kentucky 
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DEVELOPMENT OF THE CHLOROPHYLL AND CAROTENOID 
PIG-MENTS IN BARLEY SEEDLINGS^ 

6. Mackinkby 
Introduction 

This paper reports the results of some experiments showing the effect of 
modification of the supply of iron and potassium on the formation of the 
plastid pigments in harley seedlings. In many types of experiments deal- 
ing with vital phenomena it is virtually impossible to segregate direct from 
indirect effects. In the present case, one method would be to show that if 
other vital processes have not been stimulated so much as pigment forma- 
tion, then the effect of the element under consideration has probably been 
direct, and it has a role in the mechanism of pigment formation. The difB- 
culty is that the simplest measure of vital activity, increase in dry weight, 
is itself dependent, although in no simple way, on the chlorophyll itself. 
While all vital processes may be affected by a particular treatment, the 
significance of changes in the pigment content is not necessarily vitiated 
by corresponding growth changes. The writer has attempted a different 
technique. By withholding iron, plants were allowed to become chlorotic 
while growing in solutions ample and restricted with respect to potassium. 
Chlorophyll formation (and therefore growth to some extent) hinged on 
iron as the limiting factor. Iron was subsequently added to determine 
whether the previous nutritional treatment had affected pigment formation. 
■In this paper, however, the emphasis will be placed on certain observed 
pigment interrelationships the ratios of which are unaffected by growth 
considerations, since it is realized that without extensive studies of potas- 
sium nutrition on growth, ranging from definite deficiencies to luxury con- 
sumption of this element, with resultant changes in pigment content, this 
aspect of the question cannot be satisfactorily settled. 

Methods of analysis 

The transmission (T) and thence the optical densities (D) of extracted 
solutions of the various pigments were detemined in a spectral region of 
high absorption for each pigment with a Bausch and Lomb spectrophoto- 
meter. The method has been described by McNioholas (2) and Smith (9). 

The angle 6' of rotation of the prism, for a match point, was determined 
in one field (average of ten readings) and the corresponding 0" with 
reversed fields. 

Whence log T = D = log cot 6' + log tan 6" = Bch, where c is the concen- 

> Contribution from the Division of Plant Nutrition, University of California. 
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tration of the solution, h the height of the column, and E a constant depen- 
dent on the wave length and the nature of the substance. 

To obtain E, solutions of known concentration of the pure pigment were 
prepared and their optical densities determined. At different dilutions, 
with columns of different height, the constant B could be determined with 
an accuracy of ± 2 per cent. By means of a vernier, the plunger could 
be set to 0.1 mm. By using open cups with plungers instead of sealed 
tubes, and the less volatile solvents, rapid adjustment of the height of the 
column was possible. In this way intensities at the match point were 
adjusted for minimum visual strain and greatest sensitivity. The stand- 
ards were prepared essentially by the method of Schertz (6). As several 
leaf carotenes are optically inactive, the carotenoids were prepared from 
sunflower leaves. Carrot root carotene is undesirable as it contains 10-20 
per cent, of the alpha component. 

In unknown solutions, chlorophyll was determined directly in an aliquot 
of the crude extract. The carotene and xanthophyll were then isolated 
from the remainder and determined separately, to avoid interference. 
Comparisons were made for chlorophyll in acetone solution, at 665 mp ; for 
carotene, in acetone at 500 mp; and for xanthophyll, in 90 per cent, 
methanol at 485 mp. 


Experimental errors 

As noted, the constant E was determined with an accuracy of ±: 2 per 
cent. Plant variability was minimized by rigid selection of those seedlings 
which at the end of a specified time made uniform growth response to con- 
stant environmental conditions. Taking the xanthophyll pigment, which 
showed the greatest variation, in experiment 1, the mean of the xanthophyll 
in triplicate determinations involving thirty plants is 1.08 mg. ±: 0.04 per 
ten plants. We may estimate therefore the gross experimental error to be 
not greater than ±: 5 per cent. It must be pointed out that when an ele- 
ment such as iron is present in limiting amounts, control sets do not repre- 
sent duplicates since minute traces of iron both in the plant and as im- 
purity in the solution will affect the pigment content. Equally rigid exclu- 
sion of iron is impossible in cultures of this type, nor is this necessary be- 
yond the point where the plant becomes sensitive to the low concentration 
of iron. 

Experimentation 

With variations in the pigment content under various treatments there 
will be variations in respirable carbohydrates, and consequently in absorp- 
tion of minerals from the culture solution. In certain experiments these 
differences have been minimized by subjecting the plant to a given treat- 
ment for a period of time, then transferring it to dilute calcium sulphate 
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solution for observation. In so far as pigment formation is determined by 
mineral nutrition, changes can occur only to the extent that the plant has 
stored up the necessary minerals. This necessitates experiments of rela- 
tively short duration. 


Experiment I ; Pigment ratios in normal and chlorotic barley 

SEEDLINGS 

Barley seedlings of height 6 cm. ±: 0.5, seven days after germination at 
20® C., were transferred to twenty l-quart jars (six plants per jar) contain- 
ing Hoagland’s solution, with supplementary constituents* except for iron. 
Ten of these jars received 5 mg. Pe from a 1 per cent, solution of ferrous 
sulphate per week. Iron was excluded from the remainder. Plants from 
cultures with and without iron were harvested periodically in duplicate 
sets. The results are shown in table I. Agreement is to be anticipated for 

TABLE I 

Pigments in normal and chlorotic barley plants (mo. per 10 plants) 



Chlorophyll 

Carotene 

^ a + b 

Xantho- 

PHYLL 

I q-2 

X 


mg . 

mg . 


mg . 


Initial 

1.03 

0.0336 

30.7 

0.0948 

0.35 


Normal series (iron added) 

8 days 

6.54 

0.222 

29.5 

0.508 

0.44 

10 days (1) 

9.70 

0.32 

30.3 

0.594 

0.54 

(2) 

9.38 

0.312 

30.0 

0.474 

0.66 

Outer leaf 

(2.62 

0.085 

30.8 

0.118 

0.72 

remainder 

1 7.18 

0.254 

28.3 

0.428 

0.59 

Total (3) 

9.80 

0.339 

28.8 

0.546 

0.62 

12 days 

12.82 

0.412 

31.1 

0.744 

0.55 

10 days 

21.4 

0.712 

30.0 i 

1.15 

0.62 



Chlorotic 

series (iron restricted) 


8 days 

4.72 

0.16 

29.5 1 

0.470 

0.34 

10 days (1) 

3.12 

0,110 

28.4 

0.346 

0.32 

(2) 

4.06 

0.156 

26.1 

0.370 

0.42 

Outer leaf 

(2.22 

0.076 1 

29.2 

0.136 

0.66 

remainder 

1 3.26 

0.122 i 

26.7 

0.324 

0.38 

Total (3) 

5.48 

0.198 

27.7 

0.460 

0.43 

12 days (1) 

3.08 

0.100 

30.8 1 

0.238 

0.42 

(2) 

4.16 

0.134 

31.0 

0.294 

0.46 

19 days 

2.76 

0.079 j 

34,7 

0.216 

0.37 


duplicate sets receiving iron; but, as already noted, each set of chlorotic 
plants will not have had equally rigid exclusions of this element, causing 
greater variation. In the outside leaves of plants without iron the color 
was apparently normal, whereas the inside leaves were severely chlorotic. 

2A-Z constituents, cf , Schropp and Schabbeb (7). 
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After a 10-day period, from three jars of each series the outside leaves were 
sampled for comparison with those inside. The results of the experiment 
show ; 

1. The chlorophyll: carotene ratio, Q(a^-b)/c, is remarkably constant. 
One infers a straight line relationship of the type y = mx between the two 
pigments, in barley seedlings, whether they are developing normally or be- 
coming chlorotic. The relationship between chlorophyll and carotene has 
been observed by Euler (1) and Sj0berg (8) in etiolated barley seedlings 
exposed to light, and more generally between chlorophyll and total caro- 
tenoids by OsBRKOwsKY (8) in normal and chlorotic pear leaves. 

2. The carotene : xanthophyll ratio, Q c/x, with normally developing 
seedlings rapidly approaches the value of about 0.60, determined by Will- 
STATTBR. The Q c/x for chlorotic plants is consistently lower, with one 
interesting exception, the green outside leaves of plants that are becoming 
chlorotic. 

Experiment II ; Pigment formation as affected by high and low" 

CONCENTRATIONS OP POTASSIUM IN THE EXTERNAL SOLUTION 

The potassium ion is readily absorbable, and modification of its concen- 
tration causes marked effects on the accumulation of Ca^*^, Mg^^, and (NOa)*" 
ions. Analyses are given in table II showing that the presence or absence 
of iron has little effect on potassium withdrawals by the plant. However, 
nothing is known of the effect of potassium on the absorption of supple- 
mentary constituents, such as boron or copper, which are toxic in all but 
high dilutions although essential for normal growth. It may not be justi- 
fiable to assume that the amount of copper required by the plant is so small 
that a tenfold variation in the concentration does not, under some con- 
ditions, inhibit to a limiting degree the absorption of copper. In experi- 
ments II and III, a modified Hoagland solution w^as used, high series 
receiving 200 mg. and low K+ series 20 mg. of potassium per liter. The 
latter received the corresponding sodium salts to maintain the total salt 
concentration. 


TABLE II 
Absorption of potassium 


Series 

I K IN solution 

Absorbed 

Initial 

Pinal 

BY plant 

1. High K 


mg . 

mg . 

(a) -hFe 

200 

72.2 

127.8 

(b) -Fe .. .. 

2. Low K 

200 

67.7 

132.3 

(a) + Fe 

20 

1.5 

18.5 

(b) -Fe . . 

20 

1.0 

19.0 



MACKINNEY ; DEVELOPMENT OP PIGMENTS IN BARLEY SEEDLINGS 869 


Seeds were germinated and selected as before. Thirty-six quart jars 
were set out, eighteen receiving the high K+ solution and eighteen the 
low 

Six of each series were given 5 mg. Fe, as before. The plants were 
allowed to grow for 10 days in their respective culture solutions. Samples 
of each treatment from both series were then taken in duplicate. The 

TABLE III 

Pigment content as apfectted by iron and potassium modifications (mo. pigment in 

10 PLANTS) 



Chlorophyll 

Carotene 

c 

Xantho- 

PHYLL 

Qr 


mg. 

mg. 


mg. 


Initial 

0.740 

0.024 

30.8 

0.054 

0.44 

A*-l 

(6.28 

0.160 

39.3 

0.330 

0.48 


0.126 

1 

0.257 

0.49 

B-1 

(5.92 

0.168 

36.3 

0.278 

0.59 

1 5.52 

0.166 

1 33.3 

0.316 

0.53 

A-2 

( 3.80 

7 3.00 

0.096 

i 

! 31.3 

0.307 

0.31 

B-2 

(4.18 

0.104 

40.1 i 

0.248 

0.42 

( 3.63 

0.100 

36.3 

0.210 

0.48 


Plants were here transferred to Ca804 solution: 




After 4-day period 


A-1 : 

8.07 

0.237 

34.1 

0.467 

0.51 

B->1 

5.12 

0.142 

36.1 

0.288 

0.49 

A-2a 

(6.63 

0.162 

40.9 

0.327 

0.50 

|6,48 

0.151 

42.9 

0.327 

0.46 

B~2a 

J 4.75 

0.131 

36.3 

0.223 

0.59 

( 4.55 

0.129 

35.3 

0.220 

0.59 

A~2 

3.98 

0.106 

37.5 

0.242 

0.44 

B~2 

3.42 

0.090 

38.0 

0.176 

0.51 


After 7 ‘day period 

A~2a 

f 6.24 
' 1 6.03 

1 0.188 

0.192 

33.2 

31.4 

1 0.391 

0.342 

1 0.48 

0.56 

B-2a 

(4.05 

14.23 

0.123 

32.9 

0.218 

0.281 

1 0.56 


* A denotes high K ; B, low K solutions. 

1 5 mg. Fe from beginning and 5 mg. at transference to CaSOi solution. 

2 no Fe, 

2a ** Fe from time of transference to the CaS 04 solution. 

solutions in the remaining jars were then discarded and replaced by dilute 
calcium sulphate solution. Each series which had not received iron was 
subdivided : half of them were given 5 mg. Pe and iron w’as again withheld 
from the remainder. This was done to determine whether the plants, in 
recovering from the chlorotic conditions which had developed, would show 
pigment differences aseribable to their previous nutritional treatment. The 
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plants were allowed to develop in the dilute calcium sulphate solution, and 
were sampled in duplicate after four and seven days. No further samples 
were taken as the plants began to show" the effect of restrictions in the 
nutrient solutions. In table III are given the pigment analyses on the 
basis of ten plants. It may be noted that, except for color, the plant tops 
showed no visible differences in development, although roots were whiter 
and possibly less sturdy in the absence of iron. As already pointed out, 
however, there is no appreciable difference in the respective potassium 
withdrawals, so that one may assume that there is no marked difference in 
the capacities of the root systems for absorption of mineral nutrients. 

After the 10-day period in the original solution, the plants without iron 
have become definitely chlorotic, the high series approximately as 
severely as the low K^. Iron has therefore been the limiting factor in 
chlorophyll formation, and potassium has not been able to act as a sub- 
stitute. After the plants have been transferred to the calcium sulphate 
solution for four days, the chlorophyll content of plants in the high 
series is nearly doubled, where iron has been added, while there is less than 
a 20 per cent, increase in the corresponding plants of the low series. 
Where iron has been withheld, no pigment increase can be noted in either 
series. It will be seen that while there is a fairly definite relationship 
between the chlorophyll and the carotene, the magnitude of Q(a + b)/c is 
not strictly comparable with that of experiment I, w"hich was confined to 
two phases: (1) normal development in seedlings, and (2) arrested develop- 
ment due to incipient iron chlorosis. In this experiment the leaves are 
recovering from chlorosis under varying nutritional conditions. The ratio 
Q c/x shows a less marked lowering for the low K+ series than for the high 
K^. The general fluctuation of chlorophyll with the carotenoids is notice- 
able throughout. 

Experiment III : Epitsct op variation in potassium content 
ON pigment formation in the dark 

Trays of barley seedlings were germinated at 20® C. in the dark over 
the solutions high and low with respect to the K"" concentration. The con- 
dition of the plants after 12 days is shown in table IV. Duplicate samples 
.of fifty plants each from both series were taken after 6, 9, 11, and 15 days. 
Results of pigment analyses are shown in table V. No chlorophyll was 
detectable. An apparent trace was measurable spectrophotometrically at 
665 mp. But when comparisons were made also at 670 mp and 660 mp, the 
same divergence (less than 0.5®) was noticeable in the setting of the prisms 
for a match point. Obviously no definite absorption band of chlorophyll 
was demonstrable. It is possibly not to be expected that seedlings steadily 
losing weight in the dark should show, in their pigment content, definite 
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TABLE IV 
Composition op plants 


Series 

Dry weight op 50 plants 

K ON DRY WEIGHT BASIS 


gm. 

% 

High K 

1.42 

2.44 

2.37 Average 2.405 

Low K 

1.66 

0^ 

0.61 Average 0.54 


TABLE V 

Pigment in plants grown in the dark (mg. per 50 plants) 



Xanthophyll 

Carotene 

Q® 

^ X 

High K 

LowK 

Low K 

High K 


mg. 

mg. 

mg. 

mg. 


6 days (1) 

0.046 

0.034 

0.003 

0.002 


(2) 

0.080 

0.054 

0.005 

0.005 


Average . 

0.054 

0.004 

0.07 

9 days (1) 

0.111 

0.130 

0.011 

0.020 


(2) 

0.102 

0.120 

0.008 

0.014 


Average 

0.115 

0.013 

0.11 

11 days (1) 

0.107 

0.148 

0.008 

0.015 


(2) 

0.173 

0.122 

0.008 

0.017 


Average 

0.137 

0.014 

0.10 

15 days (1) 

0.156 

0.144 

0.017 

0.017 


(2) 

0.178 

0.174 

0.021 

0.020 


Average 

0.163 

0.019 

0.12 


response to the solutions. The low values of Q C/'x confirm the findings of 
Euler (1) and Sj0berg (8). 

An apparent conflict may be noted between the results of these two 
workers. The former notes that where carotene is present, it is accom- 
panied by chlorophyll, and its production is ascribed to incomplete 
darkness. The latter invariably finds carotene, and rarely chlorophyll. 
Superficially, the writer’s results substantiate the latter viewpoint. But 
conclusions that light may not be necessary for carotene formation in photo- 
synthetic tissue, or that chlorophyll is not necessary for carotene produc- 
tion, are by no means valid. Vital processes in the etiolated seedling have 
been seriously interfered with. Reactions proceeding in the normal plant 
have been profoundly modified, and the direction of some may have been 
reversed. In this paper the writer shows the interdependence of chloro- 
phyll and carotene under certain conditions. This is not true for all con- 
ditions. Thus, in green tissue placed in the dark the ratio Q(a + b)/c falls, 
while Q c/x rises. Therefore the reactions which have brought about traces 
of carotenoid pigments in the etiolated seedlings may not be those which 
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are responsible for pigment production in the illuminated plant. In fact 
there is no evidence as yet of the chemical identity of either carotenoid 
occurring in the etiolated plant with those of normal green tissue. To 
obtain production of xanthophyll for example, one must not interfere with 
the processes which produce chlorophyll. The only valid statement per- 
missible is that th^ present technique and equipment permitted the measure- 
ment of traces of carotene where chlorophyll was not present in measurable 
amounts. 

Summary 

1. Fluctuations are reported in the chlorophyll and carotenoid contents 
of barley seedlings grown for short periods of time in culture solutions 
modified with recpect to iron and potassium. 

2. The constancy of the chlorophyll : carotene ratio noted by Euler and 
Hellstbom for etiolated seedlings is extended to cover chlorotic seedlings 
and also those recovering from chlorosis induced by lack of iron. 

3. Chlorophyll and carotenoids fluctuate together, in general, although 
the carotene : xanthophyll ratio is markedly lower in chlorotic leaves. 

4 The effect of potassium, whether specific or one of general nutrition, 
under certain conditions is to increase the pigment content of the plants. 

Acknowledgment is made to Professor D. R. Hoagland, Division of 
Plant Nutrition, University of California, for advice and guidance. 

Addendum. — ^In the light of recent developments in methods, a few comments appear 
pertinent, to attempt to assay more accurately the value of the data presented. 

In this work, the greatest fluctuation occurred in the xanthophyll fraction. It has 
been noted by Strain (10) for a number of plants, including barley, that the leaf xantho- 
phyll fraction contains several components, while p carotene is probably the sole con- 
stituent of the carotene fraction of this plant. It is evident therefore that a measure of 
uncertainty is introduced, as any assumption that there has been no change in the pro- 
portions of the various components of ‘‘total’' xanthophyll may be justified only under 
a limited set ofl^vconditions. 

Exposing etiolated sunflower seedlings, germinated at 85° F., to light, Norris (4) 
finds a close relationship between chlorophyll and xanthophyll, but none between these 
pigments and carotene, contrary to the work of Euler and Hellstrom (1) with etio- 
lated barley seedlings. Norris utilized a spectrophotoelectric method, isolating the 
4368 A. mercury line for analyses of the two carotenoid fractions. In the experience of 
Miller, Macskinnby, and Zschkile (3) the absorption curves for various carotenoids 
show greatest reproducibility where the curves are flatter, at the maxima. 

For visual work, unless one is matching the intensities of two semicircles in a cir- 
cular field, it is impracticable to use narrow exit slits* With the Bausch and Lomb 
spectrometer no. 2700 the writer foun^ it convenient to isolate a spectral region of ap- 
proximately 6 m|x in magnitude, for chlorophyll (i.c., 668-662 mpi) and from 2.5 to 3.0 m]i 
for the other pigments. These were not varied for standards and unknowns. Subsequent 
observations on crude carotenoid extracts, by visual and spectrophotoelectric methods, 
and to a limited extent by photographic means, lead the writer to believe that while 
the positions of maxima and minima are identical on the wave-length scale, within the 
experimental error, with those of the crystalline carotenoid in the same solvent, the gen- 
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eral i^ape of tlie curve is different, the bands being more diffuse and less clearly defined. 
This might be ascribed to unavoidable traces of a colored and partially oxidized form 
of the carotenoid. 

If this observation be confirmed, there are obvious inherent errors which may affect 
absolute though not comparative results for methods dependent on a single ‘‘wave 
length'^ for the determination, especially if that wave length is not in a region of 
maximum absorption for the pure pigment. 

As pointed out, the chlorophyll: carotene relationship found for one set of condi- 
tions does not exist for all conditions. The divergent results in the literature emphasize 
the necessity of critical examination of the method to be used, and the urgency of pre- 
liminary studies, by adsorption methods, of the carotenoid complexes which may exist 
in the plant chosen for study, before satisfactory conclusions can be drawn as to the 
functions of these pigments in the living leaf. 

Carnbche Institution op Washington 
Stanford UniveJrsity, Oalipornia 
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ABSORPTION SPECTRA OP ALPHA AND BETA 
CAROTENES AND LYCOPENE" 

Elmer B. Miller, G. Mackinnet/ and F. P. Zscheile, Jr. 

(with three figures) 

This paper presents a detailed study of the specific absorption coefficients 
of alpha and beta carotenes purified by resolution on magnesia, according 
to the method of Strain (5), and on calcium hydroxide according to the 
method of Miller (3), and of lycopene. The absorption coefficients were 
measured by an improved spectro-photoelectric method which will be 
described in due course. 

From the viewpoint of carotenoid spectroscopy, several important 
changes have been made. The period required for a single reading has 
been reduced from 60 to 10 seconds. The length of the liquid path in the 
absorption cells is 2 cm. db 0.15 per cent. The Hilger (type D, no. H291) 
absorption cells have been placed behind slit number II of the monochroma- 
tor, where they are not subjected to the full intensity of the illuminating 
source, in this case, a 000-watt Mazda lamp. 

In order that comparisons with values obtained in other laboratories 
may be valid, we deem it essential to state: (1) slit widths in mm. actually 
employed at the various wave lengths, and (2) the eflPective dispersion, i.e., 
the slit width in terms of A. U. per mm. of slit. From these data the spec- 
tral range isolated may be calculated. These calibration data of the optical 
system must be obtained from constants determined by means of a steady 
source of monochromatic light of suitable wave lengths. A mercury arc 
was used in this case. 

In this paper are reported values of the specific absorption coefficients 
for alpha and beta carotenes and lycopene in the wave length range 3900- 
5300 A. U. The solvent was 20 per cent, diethyl ether and 80 per cent, 
absolute ethanol (by volume). 1.5-3.0-mg. samples were weighed on a 
Kuhlmann microbalance, with a maximum error of approximately ±: 0.3 
per cent. The samples were dissolved in ether and made up to volume with 
alcohol. Concentrations employed were approximately 0. 6-1.0 mg. per 
liter. Using fused quartz cells with these concentrations, the light trans- 
mission at the maxima for alpha and beta carotenes was from 20-40 per 
cent. On different preparations, from various sources, values of a* at the 

1 Contribution from the George Herbert Jones Chemical Laboratory, University of 
Chicago. 

2 National Research Council Fellow. This investigation employed apparatus made 
available by a grant from the Rockefeller Foundation, New York, to the University of 
(Jhicago. 

8 From the formula log a c x, where a is in liters per gram cm, 
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maxima (and between 4350 and 4800 A. U.) were reproducible within ±: 0.6 
per cent, (total error). For the steeper portions of the curves (on either 
side of the spectral range between 4350-4800 A. U.) the total error is zh 1.0 
per cent. Absorption coefficients on different samples of the same prepara- 
tion show that the magnitude of the instrumental and 'weighing errors con- 
tribute to the total error approximately one-half that stated above. 

The following slit widths were employed : 0.04-4).01 mm. for wave lengths 
between 3900 and 4300 A. U., and 0.01-0.007 mm. between 4300 and 5300 



WAVE length in a. U. 

Pig. 1. Absorption spectrum of alpha carotene. 
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A. U. These slit widths in terms of A. U. are 2.5--1.0 and 1.0-1.5 A. tJ. 
respectively. The spectral regions isolated at wave lengths 3900, 4300, and 
5300 A. U. were 7.5, 3.0, and 4.5 A. U. respectively. When these slit widths 
were employed, no change was observed in the value of the specific absorp- 
tion coefficients when a mercury arc was substituted for the Mazda lamp. 
(Beta carotene and the mercury lines at 3906, 4047, 4078, 4358, and 4916 
A. U. were employed). In order that workers in different laboratories may 



WAVE LENGTH IN A. U. 

Fig. 2. Absorption spectrum of beta carotene. 
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compare values, it is essential that data concerning slit widths in terms of 
mm. and A. U. per mm., and the spectral limits of the light employed be 
included with the values of the absorption coefiEicients. 

Experimentation 

Preparations and i>urification op alpha and beta carotenes 

The sources of the crude alpha and beta carotenes w^ere carrot roots 
grown in California and Illinois. The carotenes were purified by the meth- 
ods of Strain (6) and Miller (3). After elution from the respective 
adsorbents, all the preparations were recrystallized from ligroin^ rich in 
heptane and dried for 10 to 14 hours at 2-40 x lO-® mm. pressure. The 
samples were recrystallized until a constant set of values for the absorption 
coefficients was obtained. 

Absorption spectra op alpha and beta carotenes 

Readings were taken at 10 A. U. intervals over the maxima and minima, 
and at 25 A. U. intervals for the remaining portions of the curve. The 
maxima and minima can be located within dr 5 A. U. In figure 1 is shown 
the absorption spectrum of alpha carotene, consisting of 3 bands and a shelf. 
Maxima for the two main bands occur at 4750 A. U. (a = 231.5 it 1.5), and 
at 4460 A. U. (a = 257 d: 1.5), with a minimum at 4620 A. U. (a = 191.0 it 1) . 
A third band is found at approximately 4250 A. U. (ot = 178 it 2). While 
we consistently get a dip in the curve at 4260-4270 A. U., the differences 
in this region at three wave lengths 10 A. U. apart are approximately that 
of the experimental error. The shelf occurs at 4010 A. U. 

In the curve for beta carotene (fig. 2) are found two definite maxima, 
at 4800 A. U. (a = 222 d: 1.2) and at 4525 A. U. (a = 249 d: 1.5), with a 
minimum at 4700 A. U. (a = 210 dz 1.2). A distinct shelf occurs at 4300 
A. U. and an apparent point of inflection at 4050 A. U. 

The values of the absorption coefficients are approximately 15 per cent, 
higher for alpha carotene, and 4 per cent, higher for beta carotene than 
those reported by Miller ( 4 ) showing that previous results are low, though 
in shape the two sets of curves are almost identical. This difference may in 
part be ascribed to a slit width approximately one-quarter the width of those 
previously used, and in part to better absorption cells. However, these two 
factors cannot account for the lower value of alpha carotene in comparison 
with beta carotene. 

The curves presented in figures 1 and 2 show the identity of alpha and 
beta carotenes isolated from carrot roots from California and Illinois 
whether separated on magnesia or on calcium hydroxide. Preparations of 

* IlBing ligroin (B.P. 30-60® C.) it was found desirable to add 10 per cent, heptane 
to give satisfactory resolution. 
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beta carotene from the leaves of mint, dandelion, and apricot, isolated by 
Mackinney (1), gave on recrystallization curves identical with those re- 
ported in figure 2. A comparison of the curves (figs. 1 and 2) shows the 
values of the specific absorption coefficients for alpha carotene to be slightly 
higher than those for beta carotene at their respective maxima. 



.WAVL LEN6TM tM A.U. 

Pio. 3. Absorption spectrum of lycopene. 
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Lycopene 

Lycopene was obtained from two sources, one isolated by Mackinney 
(1) from the hips of the California wild rose, the other from tomatoes, fur- 
nished by courtesy of M. B. Matlack (2). The rose hips lycopene was 
isolated from accompanying carotenoids by passage of the petroleum ether 
crude extract over magnesia according to the method of Strain (6). A 
check was thus provided on the possible effect of the adsorbent on this 
pigment. 


Absorption spectrum of lycopene 

Three well defined maxima were found at 5050 (a = 298 ±;2), 4725 
(a = 327 ± 2), and 4465 (a = 217 ±: 1) A. U. Minima were found at 4900 
(a = 201 it 2) and at 4550 (a = 204 ±2) A. U. An apparent point of 
inflection was noted between 4200 and 4250 A. U. The values for the 
absorption coefficients at the maxima were determined with the same degree 
of precision as that described for alpha and beta carotene. 

A less rigorous examination was made of the other portions of the curve. 
Owing to their steepness, we estimate an uncertainty of ±: 2.0 per cent. 

Within the relatively narrow concentrations employed here (0.6-1.0 mg. 
per liter) we have not observed significant deviations from Beer’s law. 
For the most accurate work, between 20 and 40 per cent, of the incident 
light must be transmitted. 


Summary 

Curves of the specific absorption coefficients for alpha and beta carotene 
and lycopene are presented for the wave length range from 3900 to 5300 A. U. 
The carotenes from two different localities resolved into their components 
on two different adsorbents, magnesia and calcium hydroxide, yield identi- 
cal products. A discussion is presented of the desirability, in all future 
work, of stating the magnitude of error and certain fundamental details of 
the optical system employed, particularly with regard to the purity of the 
spectral region isolated at the various wave lengths where measurements 
are made. 

Acknowledgment is made of the helpful suggestions of Dr. T. R. 
Hogness, Department of Chemistry, University of Chicago, and of the 
cordial cooperation of members of the Division of Plant Biology, Carnegie 
Institution of Washington. 

Carnegie Institution op Washington 
Stanford University, California 

University of Chicago 
Chicago, Illinois 
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CHEMICAL ANALYSIS OF PLANT TISSUE" 

The present observations and recommendations supplement those pre- 
viously issued by this committee (3). Since that period the subject has 
received increasing attention by investigators, as becomes apparent in the 
character of numerous published articles. Appreciative acknowledgment 
is here made of aid received from a number of persons in the development 
of this supplement. 

It is noteworthy that an extensive treatise for use in research has 
appeared recently under the direction of Klein (9). Increasing aid is 
also found in laboratory manuals of biochemistry, as for example the work 
of Cole (2). 

Sampling. — In the case of fruits the number of individuals required 
for a representative sample received attention some time ago by Denny 
( 4a). He found with apples, for example, that 50 units give significance 
to a difference of 5 per cent, in acidity. The necessity for determination 
of absolute amounts of a given constituent per plant unit in following its 
appearance or disappearance with metabolic changes has been demonstrated 
by Kertesz (8a). By the treatment of peas in groups of equal numbers 
he demonstrated the fallacy of a common belief that sucrose is converted 
to starch when canning of the harvested crop is delayed. 

Preservation. — In view" of information recently made available it 
appears desirable to qualify the application of preservative treatments to 
either tissue or extracts. It may thus be possible to aid the individual 
worker in the selection of a method adapted to his conditions. 

A. Alcoholic extraction , — Apparently extracts obtained by the use of 
boiling 80 per cent, alcohol are stable but a few" days at room temperatures, 
at least as regards some of the nitrogenous constituents. Webster (13) 
has reported the occurrence of appreciable deaminization soon after cooling 
such extracts. It is recommended that changes of composition in stored 
extracts be retarded hy holding at low- temperatures, preferably below 0® C. 

B, Freezing , — Enzyme action is not prevented by the freezing of plant 
tissues. On the contrary, ruptures caused by this treatment seem to bring 
enzymes and substrates into contact. For this reason, heat treatment should 
precede freezing when the samples are to be stored for more than a few" 
weeks. Frozen samples should be wrapped or sealed air tight to prevent 
dehydration from evaporation, which proceeds rapidly in frozen tissue at 
- 18° C. The temperature of the storage room should be at most -18° C., 

1 First supplement to Becommendations of the Committee on Methods of Analysis 
for the American Society of Plant Physiologists. This report was assembled by W. E. 
Tottinoham for the committee on chemical methods: Z. I. Kisrtebz, W. E. Loomis, 
T. G. Phillips, W. E. Totwnoham, chairman. 
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but it is preferable to operate at -40°, where as yet enzyme action has not 
been shown to have measurable velocity. On enzyme action at low tem- 
perature see the review by Hepburn (6) ; and the following papers : 
Phillis and Ma.son (10), Joslyn and Sherrill (7), and Kertesz (8b). 
Extreme care should be exercised when samples frozen without heat treat- 
ment are thawed : they should be defrosted in alcohol, when extractions are 
to be performed, or heated to inactive enzymes immediately after defrosting 
to minimize effects upon the composition. Heat treatment and drying, and 
preservation in alcohol after heating are preferable to preservation by 
freezing. 

C. Heat drying . — This method was outlined in our original recommen- 
dations. Small samples may be dried quickly at 60° C. in vacuo, but it 
must be recognized that enzymes are not thus inactivated. The Committee 
recommends, with particular reference to larger samples, prompt inactiva- 
tion of enzymes by heating to 80° C. for 10 min., followed by drying at 70° 
in a well ventilated oven. This implies, of course, assurance that the inner- 
most cells of the tissue acquire the specified temperature. Dried tissues 
should be stored in sealed containers to prevent absorption of water, but 
this applies more particularly when enzymes have not been inactivated. 

Extraction. — The use of alcohol to give at least 80 per cent, strength, 
and with heating, is to be preferred as an extractive method where one is 
concerned primarily with the determination of sugars. Without heating, 
as in the use of a Soxhlet extractor, solubility is greatly diminished. The 
apprehension expressed earlier regarding possible hydrolysis of sucrose by 
tissue acids was apparently unjustified. Denny (4b) found the use of 
CaCOg to prevent this action generally unnecessary. 

Owing to their lesser solubility, it may be expected that amino acids and 
other simpler nitrogenous constituents will require more extended extrac- 
tion than the sugar fraction. For this type of extraction excessive heating 
of the extract should be avoided. It is well to use successive smaller por- 
tions of solvent, limiting the temperature to 80° and its effective time to 
10 min. This treatment should largely inactivate enzymes, while hastening 
the precipitation of colloids. 

Increasing yields of extractives as reported by users of the autoclave 
should be viewed reservedly until the extent of alteration by hydrolysis 
or otherwise is known. The use of cytolyzing agents in preparation of fresh 
tissue when it is desired to obtain undiluted sap tends, of course, to release 
enzymes and calls for speed and low temperatures in the operation. This 
same risk attends grinding of the tissue with water at ordinary tempera- 
tures, but the high solvent power of water must be considered an important 
asset. Stuart (private communication from the University of Maryland) 
as an average for 9 species extracted 40 per cent, more non-protein nitrogen 
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with cold water than with hot alcohol. On the other hand, Loomis (private 
communication from Iowa State College) reports a distinct end-point in 
extraction by alcohol for a considerable variety of tissue samples. It may 
prove feasible to increase the solvent efficiency of alcohol by dilution to 
50 per cent., while retaining to a large degree its stabilizing capacity. To 
avoid appreciable changes of composition in the treatment of large samples 
one may adopt extraction by hot water, in the manner practiced by Vickery 
and PucHER (12) on tobacco leaves. This procedure combines prompt 
inactivation of enzyme with high solvent efficiency. 

Depoamers and DEEMULsiPiERs. — Some extracts, more particularly those 
obtained by pressure only or the use of cold water, tend to froth freely. 
This property disturbs the establishing of volumes, aeration procedure, and 
the Van Slyke determination of amino nitrogen. A few drops of ether cut 
the foam for making to volume, but this agent is lost, of course, in aeration. 
ScHLENKER (11) recommcnds for aspiration procedure the addition of 
paraffin dissolved in xylene. Heavy alcohols serve the same purpose but 
their efficiency is gradually lost. Primary caprylic alcohol is used in the 
Van Slyke determination, although the secondary form, also designated as 
raethyl-n-hexyl carbinol, seems to be preferred. Attention may be called 
to directions (5) by which secondary caprylic alcohol can be prepared 
readily from castor oil. H. A. Conner (private communication, Depart- 
ment of Plant Pathology, University of Wisconsin) recently discovered 
that a solution of castor oil in ethyl alcohol provides a very efficient foam 
breaker. Although but a few drops are employed, these agents should be 
examined as possible sources of a high blank in the microdetermination of 
alpha-amino nitrogen. 

It has been customary to depend upon the water attracting power of 
certain salts for the purpose of breaking troublesome emulsions. When 
the presence of nitrates prohibited the introduction of chlorides Phillips 
(private communication from University of New Hampshire) found it pos- 
sible to substitute 0.3 per cent. CaClg by the molecular equivalent of MgSO^. 
Channon and Foster (1) overcame persistent emulsions in washing 
ethereal solutions of lipides by introducing acetone with NaCl (100 parts 
water, 40 parts acetone, 5 parts salt). 
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This report is supplementary to the previous reports of the committee 
on soluble carbohydrates and polysaccharides (Plant Physiol. 2: 91-97; 
195-204. 1927), and should be used in conjunction with the original 
reports. 

CuEABiNQ METHODS. — The first report recommended clearing sugar solu- 
tions with saturated neutral lead acetate solution and deleading with potas- 
sium oxalate. McGiiiLiVRAY (10) finds that clearing does not affect the 
reducing power of tomato extracts and consequently can be omitted with 
this material. Undoubtedly clearing of many other materials is more a 
matter of convenience in handling than of necessity. Whenever sugar 
solutions do not give a lowered reducing value upon clearing with neutral 
lead acetate, and can be conveniently handled without clearing, this opera- 
tion may be considered to be dispensable. Clearing is necessary (a) when- 
ever tannins or similar reducing impurities are present in the extract, and 
(b) whenever dextrin or inulin extracts (containing, as they ordinarily do, 
gums and soluble hemicelluloses) are to be hydrolyzed with acid. Note 
that the clearing is given before the acid hydrolysis. 

Lincoln (University of Maryland)* reports that basic lead acetate has 
been more satisfactory than neutral lead for clearing wood extracts. Basic 
lead, properly handled, can be used for solutions which do not contain 
fructose or Inulin, but the safety margin is narrow. Loomis (9) has shown 
that the more complete clearing with basic lead does not affect the purity 
of the copper precipitate, although Lincoln reports better crystallization. 
The use of basic lead, neutral lead, or no clearing can be justified for differ- 
ent materials. The committee recommends the use of neutral lead clearing 
as a safe procedure, other methods to be used only after testing. 

Deleading. — The last revision of the A.O.A.C. methods (1) requires 
the anhydrous sodium or potassium oxalate for deleading solutions made 
to volume before filtering out the lead precipitate. The water contained in 
crystallized potassium oxalate introduces a dilution error under these con- 
ditions. The objection of Englis and Tsang (5) to oxalate deleading is 
based upon determinations which gave a very heavy lead precipitate, and 
apparently they did not allow time for the oxalate precipitate to crystallize. 
Loomis (9) worked with plant extracts instead of the pure sugar solutions 
used by Englis and Tsang, and found that reducing sugars were lost in 
the clearing rather than in the lead oxalate precipitate as reported by the 
latter workers. Sugars held in the lead oxalate precipitate of Englis and 

1 This report was assembled by W. E. Loomis for the committee on chemical methods : 
Z. I. Kb»tesz, W. E, Loomis, T. Q . Philips, W. E. TomNOHAM, chairman. 

2 Location in parentheses indicates private communication. 
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Tsang were largely removed by cold water washing, but much of the sugar 
held in the basic lead precipitate of a leaf extract was recovered only by 
treating the mass with hydrogen sulphide. These results offer no assurance 
that reducing sugar losses due to the use of basic lead clearing can be over- 
come by the proper choice of deleading reagent. 

Sugar determinations. — ^An increasing number of plant chemists are 
using the Shaffer and Hartmann ( 14 ) sugar method. Clements ( 4 ) 
reports that it has proved more reliable on pea plant extracts than the 
Munson and Walker ( 12 ) method. Marsh and Dickson ( 11 ) have com- 
pared the two methods for sugar determinations on wheat and soy beans. 
They found the Shaffer and Hartmann method to give uniformly higher 
results, the difference varying with the plant from 5 or 10 to as much as 
43 per cent, and becoming less as the plants aged. The percentage devia- 
tion was also less for total than for reducing sugars. They state, ‘‘It seems 
possible that some substance which affects the accuracy of the Shaffer- 
Hartmann method is removed or changed by the added acids or by their 
salts. Also such a material appears to vary with the age of the plant. . . . 
Further work along this line might reveal that the addition of certain salts 
would increase the accuracy of the Shapfer-Hartmann procedure for use 
in plant analysis.’’ Poor end points were also encountered in some solu- 
tions with the Shaffer-Hartmann method. 

The convenience of the Shaffer-Hartmann method recommends its use 
whenever possible and it is to be hoped that means may be found to in- 
crease the general reliability of the method. It would seem at present that 
the determination of reduced copper after filtering and washing is still the 
safest method for general use on plant tissues. 

The Bertrand method (2) of determining reducing power is commonly 
used in Europe, and the recent publication ( 8 ) of complete tables for use 
with the method adds to its usefulness. Many American workers prefer to 
follow the Munson-Walker reducing conditions for which copper-sugar 
tables are generally available, and to use the Bertrand method of determin- 
ing copper by dissolving the cuprous oxide in acid ferric sulphate or ferric 
alum and titrating the reduced iron with potassium permanganate. Direc- 
tions for the copper determinations may be found in Kertesz^s article (8) 
or in the methods section of Mathews^ Physiological Chemistry. 

Hydrolysis of sucrose. — ^Webster ( 15 ) has reported difficulties with 
the invertase method and suggests the use of citric acid inversion for 
sucrose. At the Iowa State College laboratories an invertase method sup- 
plied by Kraybill has been used in class and research work by some 20 
graduate students with complete satisfaction. Four 50-ml. portions of the 
cleared and deleaded sugar extract are pipetted into 400-ml. beakers. Two 
of the samples are used for the duplicate determination of reducing sugars. 
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One or two drops of methyl red solution are added to the other samples, 
then two to four drops of 10 per cent, acetic acid to bring to the acid color 
of methyl red, and two to four drops of a 1 per cent, solution of Wallerstein 
invertase scales. The solutions are allowed to stand for 2 to 24 hours, Fehl- 
ing solution is added and reducing sugars determined. The blanks for the 
sucrose determinations should receive the same dose of invertase solution 
as is used for the samples. Two lots of invertase scale have been used and 
both have given complete inversion of 50 mg. of sucrose in 50 ml. of solution 
in two hours at 25® C. The 1 per cent, invertase solution has been kept 
under toluene and on ice for two months. It is probable that some lots of 
invertase might require larger quantities of the enzyme or more than a 
2-hour minimum period. This point should be checked by varying the 
inversion time with replicate samples. 

With such small quantities of enzyme in place of the heavy dosages 
sometimes recommended, the expense of the method is negligible and diflS- 
culties due to the addition of large quantities of colloidal material are 
avoided. The use of the entire inverted sample without neutralization or 
transfer is convenient and time saving, and the specificity of the method 
recommends it for general use. 

Separation of glucose and fructose. — ^Most published analyses of 
plants report sugars as reducing or non-reducing. When invertase is used 
for inversion it is considered permissible to multiply the increased reduc- 
tion, calculated as invert sugar, by 0.95 and report as sucrose. The separate 
estimation of glucose and fructose in the free reducing sugars is also fre- 
quently desirable. 

Phillis and Mason (13) have used a modified iodine method for glucose. 
Glucose was oxidized according to the procedure of Hinton and Macaba 
(6) ; the solution was then made acid and excess iodine removed with 
sodium sulphite. Loss of reducing power with the treatment was recorded 
as glucose, and the reducing power after treatment as fructose. 

In the Iowa State College laboratories Jackson (7) method for fruc- 
tose has been found convenient. Fructose is determined by reduction of 
OsTs^ copper carbonate solution for 75 minutes at 55° C., and glucose by 
difference of fructose and reducing sugars after correcting for the reducing 
action of the glucose in the fructose determination. Fructose added to plant 
extracts has been recovered by this method and hydrolyzed sucrose has given 
the expected 50 per cent, fructose. 

Dextrins. — ^Loomis (Iowa State College) reports that two dextrin frac- 
tions and no starch have been isolated from the leaves of corn. The first 
fraction is extracted by 10 per cent, cold alcohol and the second by boiling 
water. The end points of the two extractions are good although continued 
extraction by either method apparently results in some hydrolysis of 
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underlying materials. Extractions are conveniently made by suspending 
the sample of finely ground (200-mesh) residue, previously extracted with 
80 per cent, alcohol, in the 10 per cent, alcohol or boiling water, stirring 
occasionally for 30 minutes, centrifuging, and decanting the extract. Pour 
extractions have been adequate for corn leaf and stalk tissues. The extracts 
are cleared with neutral lead acetate, brought to volume, filtered, deleaded, 
and aliquots hydrolyzed with 1 per cent, hydrochloric acid for one hour at 
15 pounds' pressure. Hydrolysis in the autoclave under these conditions 
has been equivalent to refluxing for two and one-half hours with 2 per cent, 
hydrochloric acid and is much more convenient. Reducing sugars are cal- 
culated as glucose and multiplied by 0.90 to obtain dextrins. 

Starch. — Lincoln (University of Maryland) finds that fine grinding 
is necessary for effective removal of starch by enzyme action, and the same 
report is made by Loomis (Iowa State College). At the Iowa laboratory all 
starch and dextrin samples are ground in a ball mill and passed through a 
200-mesh sieve. 

Kertesz (New York Agricultural Experiment Station) reemphasizes a 
point made in the first report of this committee, that total acid liydrolj^z- 
able material should not be reported as starch. Enzyme digestion and 
clearing before acid hydrolysis is recommended. Clearing of the enzyme 
extract removes soluble hemicelluloses and gums which would otherwise be 
hydrolyzed and found as starch. Taka-diastase, animal diastase, and saliva 
are used for starch hydrolysis. The diastatic power of fresh saliva varies 
greatly and should be checked. It appears to be preferable to collect 
saliva before, rather than just after meal time. Both taka-diastase and 
animal diastase tend to give high results because of the presence of enzymes 
other than amylase. 

Carr (3) has published the results of some very interesting experiments 
indicating the possibility of dividing starch into fractions which are appar- 
ently of economic and possibly of physiological importance. Carr finds 
that 45 per cent, formic acid separates soluble starch, colloidal starch, and 
cellulose in ground wheat. Since gums are reported as undissolved, the 
method would appear to have possibilities both in fractioning total starch 
and in the routine separation of starch and hemicelluloses. 

Hemicelluloses. — The physiological significance of these materials has 
not yet been established and for this reason they should not be determined 
with the starch or dextrin. The acid hydrolysis of hemicelluloses ordinarily 
does not give an end point, as measured by the production of reducing 
substances, but instead drops to a constant low value which probably rep- 
resents the digestion of cellulose. The hydrolysis conditions should be such 
that this relatively stable portion of the curve is reached at the end point. 
Loomis (Iowa State College) reports that autoclaving the starch and 
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dextrin free samples with 1 per cent, hydrochloric acid for one hour at 15 
pounds gives a good end point for corn leaf material. As already stated, 
this treatment has been found to be equivalent to two and one-half hours of 
refluxing with 2 per cent. acid. In using the method, the powder from 
which starch and dextrins have been removed is transferred to 250-ml. 
flasks with 100 ml. of water; 2.7 ml. of concentrated (38 per cent.) hydro- 
chloric acid are added, and the samples autoclaved with a small funnel for 
a reflux. The extract is then filtered into a 250-ml. volumetric flask and the 
residue washed. The acid is nearly neutralized wdth NaOH (m.r.), the 
solution is made to volume, and its reducing power determined. Clearing 
is not required for this fraction since the common interfering substances 
are hydrolyzed by the treatment. 
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DETERMINATION OP NITROGEN IN RELATIVELY SIMPLE 

COMPOUNDS^ 

Total nitkogen 

A. In the absence op nitrates. — ^Any of the recognized modifications 
of the Ejeldahl method may be used. The amounts of catalyst and acid 
required vary with the amount of organic matter to he oxidized. For 50-cc. 
aliquots of the alcoholic extract of fruit spurs, containing 1-3 mg. N, 15 ec. 
concentrated HjSO^ and 5-7 gm. of a mixture of 10 gm. KjSO* and 1 gm. 
CUSO4 • 5H2O were adequate. Frothing is likely to be severe as the last of 
the water or alcohol is driven off. By careful regulation of the flames and 
occasional shaking it has been possible to make 30 digestions at once without 
loss. For the final titration the mixed methyl red-methylene blue indicator 
proposed by Johnson and Green (8) is excellent. 

B. In the presence op nitrates. — The use of the salicylic acid method 
devised by Ranker and described in the previous report (27) is trouble- 
some because of the necessity of evaporating an exactly neutral portion of 
the extract to dryness in the Kjeldahl flask before adding the reagents. 
This diflBculty is overcome by the reduced iron method, which was adapted 
to plant materials by Pccher, Leavenworth, and Vickert (11). The 
reduction may be carried out in either aqueous or alcoholic solution. The 
conditions for the reduction prescribed by Pucher et dl. should be followed 
exactly. Those for the subsequent digestion may be modified somewhat. 
For 25-cc. aliquots of the alcoholic extract of tomato leaves, containing 1-5 
mg. of nitrogen, 25 cc. of concentrated H2SO4 and 5-7 gm. of the catalyst 
mentioned above have been found adequate. 

Doneen (4) has described a micromethod using salicylic acid. The 
digest is Nesslerized directly in the presence of gum arabie, and the nitrogen 
is determined colorimetrically. Preliminary evaporation of a portion of the 
extract is necessary. As approximately 1 mg. of nitrogen is required for 
a satisfactory determination, there would seem to be little advantage in this 
regard over the reduced iron method. 

Fractionation op the nitrogen 

The particular methods to be adopted depend on the nature of the mate- 
rial, the method of extraction, and the purpose of the study. Some methods 
that have proved useful are cited below. Choice must be made in each ease 
of those best adapted to the materials concerned. 

1 This report was assembled by T. O. Fhiuapb for the committee ou j^emical 
methods: Z. I. Kxbtesz, W. E. Loohis, T. G. Phiujfs, W. E. Tottikohajc, chairman. 
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The presence of alkaloids or cyanogenetie glucosides complicates matters 
considerably. Vickery and his associates (12, 22, 23, 25) have developed 
methods applicable to tobacco, and Davidson and Shive (3) have studied 
the distribution of nitrogen in the presence of a cyanogenetie glucoside. 

Stuart (16) has shown that 80 per cent, alcohol does not extract as 
much soluble non-protein nitrogen from plant parts as water does, and both 
he and Webster (26) have found changes in the distribution of nitrogen 
on standing in alcoholic solution. It seems possible that 50 per cent, alcohol 
might prove satisfactory for extraction, and that changes might be avoided 
by removing the alcohol from the aliquots used for nitrogen distribution as 
soon as possible after extraction is complete. Further studies of these points 
are needed. 

Semi-micromethods for ammonia, amide, and nitrate nitrogen, applicable 
in case extracts can be concentrated sufficiently so that 10-cc. portions con- 
tain determinable amounts of these forms of nitrogen, were mentioned in 
the previous report of this committee (27). They are described in detail 
by Stuart (16). When portions of alcoholic extracts are freed from alcohol 
and taken up in water, some of the water insoluble material may form 
an emulsion. In many ca.ses shaking with chloroform and allowing to stand 
overnight yields a clear water solution. With some materials a flocculating 
agent is required. Magnesium sulphate as used by Stuart is satisfactory. 
It is not as effective as calcium chloride, but the latter cannot be used in 
the presence of nitrates. 


Amino nitrogen 

This is usually determined in the Van Slyke microamiuo apparatus 
(18, 19). The pipette holds a 2-cc. sample but 4 cc. may be used. An im- 
proved reaction chamber has been devised by Koch (9). The sample must 
be free from alcohol, and the portion used should contain at least 0.2 mg. 
of amino nitrogen. It may be desirable occasionally to use the larger re- 
action chamber with the micro burette, so that larger samples, up to 10 cc., 
can be taken. Description of the apparatus and technique and the neces- 
sary tables will be found in the papers cited and in Mathews' Physio- 
logical Chemistry. Van Slyke ’s manometric equipment may be used for 
measuring the nitrogen liberated (20). The equipment and method are 
described also by Peters and Van Slyke (10). 

If ammonia is present in the sample in appreciable amounts it must be 
removed before the determination of amino nitrogen is made. Stuart (16) 
has found that other substances, among which the polyhydrie phenols are 
important, interfere with the method by yielding excessive quantities of gas 
which is measured as nitrogen. These as well as ammonia are removed or 
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denatured best by vacuum distillation of the sample at 45® with a slight 
excess of calcium oxide. 


Ammonia nitrogen 

There are two points in connection with this determination which should 
be emphasized. 

1. The treatment of the sample for the liberation of ammonia must be 
mild in order to avoid the formation of ammonia from compounds other 
than ammonium salts. 

2. Some plants contain appreciable quantities of other volatile bases 
which are carried over with ammonia in the usual methods of aeration or 
distillation. 

For the removal of ammonia from 10 cc. or less of solution in the deter- 
mination of urea, Van Slyke and Cullen suggested aeration with an equal 
volume of 52 per cent. KjCOa. An adaptation of this method to plant 
extracts was described in the previous report of this committee, and by 
Stuart ( 15 ). 

For larger volumes Sessions and Shive ( 14 ) used Na^CO, and NaCl 
with aeration. 

Vickery and Pucker (22) removed NHj from tobacco extracts by a short 
distillation at atmospheric pressure with magnesium oxide. Schlenker 
( 13 ) has found this method to give somewhat excessive results with other 
materials. If distillation is to be used, it appears safer to carry it out 
under reduced pressure at 40°-50°, either with magnesium oxide, or as sug- 
gested by Van Slyke ( 17 ) with calcium hydroxide and alcohol. If the am- 
monia is determined by titration, volatile bases other than ammonia will be 
included. Schlenker ( 13 ) has found this error negligible with a number 
of plants. With others the error may be comparatively large. Vickery 
and Pucker (22) avoid this difficulty by an adaptation of the permutit 
method of Folin and Bell. The ammonium ions are taken up by permutit 
from a slightly acid solution. After washing, the ammonia is liberated by 
sodium hydroxide and determined colorimetrically with Nessler’s reagent. 

Schlenker has removed ammonia from plant juices by direct treatment 
with permutit. As some pigments are absorbed also, aeration from the 
permutit is necessary before the ammonia can be determined colorimetri- 
cally. Various combinations of absorption with permutit and either colori- 
metric or titrimetric determination are possible. If volatile bases other 
than ammonia are present in appreciable amounts, the permutit colori- 
metric combination is to be recommended, since Vickery and Pucker (22) 
have found that these bases either are only slightly absorbed by permutit, 
or in small amounts do not affect Nessler’s reagent. 
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Amide nitrogen 

This is measured as the increase in ammonia nitrogen caused by mild 
acid hydrolysis. The exact conditions for the hydrolysis have not been 
standardized. 

Hydrochloric acid has been used most frequently, but Vickery and 
PucHEB ( 24 ) and Chibnall and Miliar ( 2 ) have shown that large errors 
are caused by this acid if nitrates are present in appreciable amounts. The 
other phase of this difficulty, that is, the loss of nitrates on boiling with HCl, 
was noted in the previous report of this committee, and the use of H2SO4 
was suggested if the amide hydrolysis was to be followed by the determina- 
tion of nitrates. 

Until some standardization of the method is achieved, the conditions 
described in the previous report may be repeated. These were boiling 
under a reflux condenser for 2,5 hours with 6 per cent. HCl. As nitrates 
are usually present, it is best to use 10 per cent. H2SO4 instead of the 6 per 
cent. HCl, as this furnishes about the same actual acidity. The addition of 
0.6 cc. concentrated H2SO4 to 10 cc. of the solution gives this result. From 
the total ammonia nitrogen as determined by one of the methods just re- 
ferred to, the original ammonia nitrogen is subtracted and the difference is 
considered amide nitrogen. 

This method has given satisfactory recovery of known amounts of the 
amide nitrogen of asparagine in the presence of nitrate, ammonia, amino 
and peptone nitrogen. 

PucHER* finds that the amide nitrogen of glutamine is hydrolyzed much 
more easily than that of asparagine, and that glutamine occurs in plants 
more generally than had been supposed. It is possible that some of the 
nitrogen usually determined as ammonia may come from this source. 

Nitrate nitrogen 

Three types of methods have been used for carrying out this determi- 
nation : 

(1) Reduction in alkaline solution with Devarda’s alloy and determina- 
tion as ammonia. 

(2) Reduction in acid solution with iron and determination as ammonia. 

(3) Colorimetric methods. 

In addition to the discussion of the use of Devarda’s alloy in the previ- 
ous report, it should be noted that Sessions and Shive ( 14 ) determine 
nitrate nitrogen in a sample in which ammonia nitrogen has been deter- 
mined, by aerating, after making the solution eighth normal with NaOH 
and adding 1 gm, of Devarda^s alloy. The semi-micromethod outlined in 

s Beported at the meeting of the New England Section of the American Society of 
Plant Physiologists, Amherst, Massachusetts, May 25-26, 1934. 
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the previous report has given satisfactory recovery of known amounts of 
nitrate nitrogen in the presence of ammonia, amide, amino, and peptone 
nitrogen* Loomis® reports the finding of appreciable amounts of nitrate 
nitrogen by this method in sweet clover roots which were shown by quali- 
tative tests to contain no nitrates. 

It would seem probable that the solution left after the determination of 
amide nitrogen by any of the usual methods could be used for the nitrate 
determination. It should be transferred to a Kjeldahl flask, enough alkali 
added to make a final volume of 300 cc. tenth normal with NaOH, and boiled 
down to a small volume in order to liberate any ammonia that could be set 
free by the alkali. After dilution to 300 cc. and the addition of 1 gm. of 
De Varda’s alloy, distillation could be carried out in the usual way on a 
Kjeldahl rack with an efficient scrubber bulb. 

Vickery and Pucher (23) have described the determination of nitrate 
nitrogen in tobacco following steam distillation from alkaline solution to 
remove nicotine and other volatile bases. The nitrate nitrogen is reduced 
to ammonia in acid solution by reduced iron. A blank or comparison run 
must be made without the iron. The difference in the amount of ammonia 
nitrogen obtained in the two determinations represents the nitrate nitrogen 
of the sample. In samples containing only small amounts of volatile base, 
the method may be used without the preliminary steam distillation. 

Pucher, Vickery, and Wakeman (12) recommend the extraction by 
ether of nitric acid from plant material that has been acidified to pH 0.7 
to 0.9 by H2SO4, Extracts may be treated in this way by concentration and 
absorption with asbestos before extraction. Nitrate nitrogen is determined 
in an aliquot of the extract by the reduced iron method, after making 
alkaline and removing the ether. A comparison run without the reduced 
iron must be made in this case also. 

Several studies have been made recently of the phenol disulphonic acid 
method for the determination of nitrates in plant juices or extracts. 
Emmert (6) has developed a somewhat simplified method for use with 
tomato and lettuce, and Hoiirz and Larson (7) have described one for 
wheat. Frear ( 6 } has revised the method of Gilbert in the light of the 
criticism of various workers, and has proposed a method which would 
appear to be applicable generally to plant juices or aqueous extracts. If 
alcoholic extracts are used the preliminary clearing with lead acetate recom- 
mended by Burrell and Phillips (1) is likely to be necessary. According 
to Emmert the use of NaOH instead of NH4OH for making the phenol 
disulphonic acid mixture alkaline avoids off colors with small amounts of 
sugar, and so would make unnecessary the peroxide treatment used by 
Burrell and Phillips. The evidence available appears to preclude the 
use of charcoal as a clearing agent. 

3 Correapondeaee. 
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The following items may be added to the brief description in the pre- 
vious report of methods for the determination of nitrogen in other forms. 

Vickery (21) has discussed the basic nitrogen of plant extracts and 
has shown that no methods that have appeared as yet for the determination 
of this fraction yield results that can be interpreted definitely in chemical 
terms. 

Vickery et al. ( 26 ) determined peptide nitrogen in extracts of tobacco 
leaves by measuring the increase of amino nitrogen resulting from boiling 
20 hours with concentrated hydrochloric acid. They note that this method 
is not reliable in the presence of nitrates. For this reason the determina- 
tion was made on the residue from which nitric acid had been extracted by 
ether as described above. Ammonia formed during the hydrolysis was 
removed by distillation with magnesium oxide before amino nitrogen was 
determined. 
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BRIEF PAPERS 


FORMATION OF CHLOROPHYLL AND THE BEGINNING 
OF PHOTOSYNTHESIS^ 

In 1910 Ieving (4), using Vida faba and Hordeum, came to the con- 
clusion that etiolated leaves do not possess an appreciable power for 
carrying on the photosynthesis of carbon dioxide until they have been 
exposed to light sufficiently long so that they are almost fully green. 
WiLLSTATTEB and Stoll (5) came to a contrary conclusion, since they 
found leaves with but a small portion of their full chlorophyll content 
capable of carrying on carbon assimilation quite rapidly. Briggs (1) 
believed these experimental discrepancies were due chiefly to the inequality 
in the age of the leaves used and to the variation in the lapse of time from 
the greening to the measurement of the photosynthetic activity. Dastur 
(2) thought the discrepancies noted might be due to loss of water or irregu- 
larities in the age of the leaves, together with the difficulty of selecting 
uniform samples. 

Experimental methods 

Seeds of Zea mays were planted on moist soil in a dark room. The 
temperature ranged about 26® ±: 2® C. At the end of twelve days the 
unfolded leaves were collected and floated on tap water kept at 24® ±: 1® C. 


TABLE I 

Exposure or etiolated leaves or Zb a mays 
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1 Contribution from the C. P. Kettering Foundation for the Study of Chlorophyll 
and Photosynthesis. 


401 



402 


• PLANT PHYSIOLOGY 


A 100-watt mazda lamp was placed above the water bath at a distance of 
18 inches. Samples of the leaves were tested for the evolution of oxygen 
before exposure to light and every 15 minutes for a period of three hours. 
Luminescent bacteria were used to detect the presence of oxygen (3). 
Table I reports a single experiment. 

Other experiments with Zea, Triticum, and Avena showed variations of 
from 15 to 30 minutes in the time when the first evolution of oxygen could 
be detected. However, the evolution of oxygen always began at about the 
same time that the eye could detect the appearance of a green color in the 
leaf. Acetone extracts of the same crop of Zea leaves before exposure to 
light gave the following absorption spectrum : 

Bands in ether Shadow I Shadow II Shadow E.A. 

662.0 624.5 601.5 572.4 532.5 511.0 

Intensity, I, II 

The absorption spectrum after acidification of the above solution with 
dilute HCl was as follows : 

Shadow Shadow I II III Shadow E.A. 

666.0 638.0 596.1 582.9 565.3 528.8 513.5 

Intensity, III, II, I 

When etiolated leaves were exposed to the light of a 100- watt bulb at a dis- 
tance of 8 inches for two minutes, a representative absorption spectrum 
was as follows : 

Bands in ether I II III Shadow IV E.A. 

666.3 624.5 605.2 565.0 536.3 517.1 

Intensity, I, IV, III, II 

Formation of the 666.0 band of chlorophyll could be detected easily after 
10 seconds’ exposure to the light. After exposure of etiolated leaves for 
150 minutes a typical chlorophyll absorption spectrum was obtained. 

Discussion and conclusions 

It is not easy to draw definite conclusions concerning the beginning of 
photosynthesis when respiration must be taken into account. It seems fair 
to conclude, however, that the first traces of the evolution of oxygen indi- 
cate the time when an excess is produced within the plant, and that at least 
the process of photosynthesis is going on when oxygen is evolved. 

From the experimental evidence obtained it is clear that the evolution 
of o3cygen may begin very soon after chlorophyll is formed in sufficient 
amount to render the young etiolated leaf green to the eye, and is not delayed 
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until the leaf is almost fully green. On the other hand, an examination of 
the absorption spectrum of extracts of etiolated leaves after exposure of from 
ten seconds to two minutes shows that some chlorophyll is formed long 
before the evolution of oxygen begins. 

No attempt was made to test for the absorption of carbon dioxide during 
the experiments. — 0. L. Inman, Antioch College, Yellow Springs, Ohio. 
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SALT CONCENTRATION AND REVERSIBILITY OP ICE- 
FORMATTON AS RELATED TO THE HARDI- 
NESS OP ALFALFA 

111 a previous paper (1) it was shown that in four varieties of winter 
wheat, the concentration of soluble electrolytes in the crowns decreased as 
the winter season approaclied. The ice formed in the tissues was deter- 
mined by the calorimetric method and the unfrozen water computed. The 
concentration of soluble salts in this unfrozen portion of water was shown 
to decrease greatly as the plants became more hardy. 

In the experiment to be described, plants of three varieties of alfalfa 
were grown to an age of about six months (August 24 to February 7) in 
the greenhouse in 6-inch pots. The soil was fertilized and inoculated. 
Approximately ten plants were grown in each pot. The varieties Grimm, 
Utah Common, and Hairy Peruvian were selected, since these make the 
characteristic short day growth. The tops of the Grimm plants remained 
short, those of the Hairy Peruvian were about 1 foot long, and those of 
the Utah Common were intermediate. 

Samples of roots were severed from the tops at the crown. The roots 
were washed and the hair like roots stripped off as completely as possible. 
The samples were rinsed quickly in distilled water, cut into pieces about 
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2 cm. long, and allowed to dry under moist toweling with occasional mixing. 
Four samples of 20 gm. each were prepared from each variety on each date, 
in addition to a sample prepared for determination of dry matter. Because 
of the considerable amount of fine rootlets formed when the plants are 
grown in the greenhouse, especially on the Grimm variety, it was never felt 
that the determination of percentage dry matter was perfectly accurate. 
It seemed impossible to determine precisely when the samples had become 
superficially dry, since the fine rootlets formed moist compact masses when 
the main roots, perhaps 3 mm. in diameter, were dry. This experimental 
difficulty may be responsible for the seemingly aberrant figures appearing 
in the data. 


TABLE I 

Values op specific conductivity, in reciprocal ohms x lOs* (25®C.), or the extracts 

PROM 20 GM. OP ALFALFA ROOTS INTO 300 CO. OF WATER. SPECIFIC CONDUCTIVITY 
following FREEZING ALONE IS INDICATED AS ** FREEZING INJURY^' 

WHILE THAT FOLLOWING SUBSEQUENT HEATING IS 
SHOWN AS ‘‘TOTAL SALTS'' 



Frozen -6®C. 

Frozen ~9®C. 

Sample 

Freezing 

INJURY 

Total 

SALTS 

Freezing 

injury 

Total 

SALTS 



Frozen 


Frozen 

Frozen 






IK 

mm 

BS 

Once 

Twice 



No days' hardening 

Grimm 

44.3 

50.8 


75.0 

58.2 

61.0 

74.2 

73.8 


Utah Common 

60.5 

50.0 

71.0 

71.0 

59.2 

61.0 

71.0 

71.0 


Hairy Peruvian . 

53.4 

55.2 

72.5 

69.4 

59.2 

63.4 

70.2 

69.4 



10 days' hardening 

Grimm 

34.9 

32.7 

74.2 

74.7 

48.3 

55.7 

74.2 

75.0 


Utah Common 

42.2 

42.2 

71.7 

70.2 

64.7 

57.2 

70.2 

69.4 


Hairy Peruvian 

43.3 

55.2 

71.0 

71.0 1 

59.2 

61.0 

70.2 

71.7 



20 days' hardening 










Aver- 

age 

TOTAL 

SALTS 

Grimm 

34.5 

35.7 

71,7 


56.5 

58.2 

72.5 

74.2 

74.1 

Utah Common .. 

42.2 

47.2 

68.7 

71.0 

58.7 

61.5 

70.6 

71.7 

70.6 

Hairy Peruvian .. 

52.0 

56.1 

70.6 

70.6 

62.0 

67.2 

66.8 

73.3 

70.8 
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The procedure followed is described in detail in a recent paper (1). 
The samples were wrapped in tinfoil, placed in tapered, tubular copper 
containers, and stored at 2® C. overnight to insure a definite temperature 
at the beginning of freezing. They were frozen by immersion in an alcohol- 
ice bath for .two hours, at -6® C. or -9° C. The duplicate in each case 
was thawed for two hours at 2® C. and refrozen in the original way. The 
quantity of ice was determined in each sample immediately on withdrawal 
from the freezing bath, using the calorimetric method. Injury was esti- 
mated from the exosmosis of electrolytes into the water (300 cc.) used in 
the calorimeter, after a period of 22 hours at 2° C. (2, 3). The samples 
were then heated to boiling and exosmosis continued for 24 hours, when 
the total extracted electrolytes were determined electrometrically. 

Three series of determinations were made. The first was made on roots 
of plants direct from the greenhouse. The rest of the pots were placed at 

TABLE II 

Data op ice-pobmation computed peom calorimeteic measurements. The ''salts 

PER GM. UNFROZEN WATER*' IS COMPUTED BY DIVIDINQ THE "AVERAGE TOTAL SALTS" 

BY THE VALUE FOR "GRAMS UNFROZEN WATER" FOB EACH SAMPLE IN TURN 


Sample 


Frozen 

-6<*C. 


Frozen -9°C. 

Grams 

UNFROZEN 

WATER 

Salts per 

GM. 

UNFROZEN 

WATER 

Grams 

unfrozen 

water 

Balts per 

GM. 

UNFROZEN 

WATER 


Frozen 

Frozen 

Frozen 

Frozen 

Once 

Twice 

Once 

Twice 

Once | Twice 

Once 

Twice 


No days* hardening 


gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

% 

Grimm 

5.39 

4,15 

13.75 

17.85 

3.28 

3.29 

22.5 

22.6 

42.2 

Utah Common 

5.39 

5.39 

13.1 

13.1 

3.73 

3.73 

18.9 

18.9 

42.2 


6.32 

1 

4.91 

11.2 

14.5 

4.25 

3.38 

16.7 

20.9 

35.5 


10 days* hardening 

Grimm . 

6.82 

5.77 

10.9 

12.85 

5.04 

2.91 

14.7 

25.5 

39.2 

Utah Common .. 

6.01 

5.58 

10.8 

12.65 

3.73 

3.88 

18.9 

18.2 

41.6 

Hairy Peruvian . 

7.27 

5.04 

9.73 

14.1 

4.04 

3.54 

17.5 

20.0 

35.9 


20 days* hardening 

Grimm 

7.01 

6.36 

10.6 

11.65 

4.12 

3.72 

18.0 

19.9 

38.7 

Utah Common . ... 

6.72 

5.98 

10.5 

11.8 

4.20 

3.45 

16.8 

21.2 

40.3 

Hairy Peruvian ... 

4.16 

3.94 

17.1 

18.0 

2.55 

0.76 

27.8 

94.5 

40.7 
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a temperature of 2° C. with continuous illumination with mazda lamps. 
After 10- and after 20-day periods at this temperature, further samples 
were taken. Tables 1 and II summarize the data for the experiment. 

It will be observed that in the varieties which hardened most, less water 
was frozen and more left unfrozen when the plants were in the hardy con- 
dition than when they were tender. The percentage dry matter in the 
samples of the hardier varieties tended to decrease slightly during the 
period in the cold room. These were already “short day” plants, low in 
vegetative vigor and high in dry matter. This behavior is in sharp distinc- 
tion from that of winter wheat under the same conditions, where percentage 
dry matter increases markedly. In the ease of the samples of alfalfa, there 
appears to be no loss of soluble electrolytes during the period in the cold 
room. This, too, is sharply different from the behavior of winter wheat. 
Since, however, there is more water left unfrozen when the plants are in 
the hardy condition than when they are tender, the concentration of electro- 
lytes in the unfrozen sap is less in the hardened plants. This was true to 
a more marked degree in the case of winter wheat, which also hardens more 
than alfalfa and will survive lower temperatures. 

The data are by no means so clear-cut as those with the winter wheat. 
The evidence seems conclusive, however, that there is no loss of electrolytes 
in the case of any of the varieties of alfalfa during hardening itself. It 
would be worth w'hile to repeat this experiment with alfalfa plants from 
the field throughout the autumn and early winter period, as was done with 
winter wheat. Under such conditions the roots are relatively free from 
the troublesome hairlike roots. 

These data, inadequate though they are, are presented at this time since 
no opportunity to repeat the experiment seems available. — S. T. Dexter,^ 
University Farm, 8t. Paul, Minnesota. 
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NOTES 


Summer Meeting. — The summer meeting of the American Society of 
Plant Physiologists will be held in Minneapolis and St. Paul from June 
24-29. Headquarters for the meeting are at the Plant Pathology and 
Botany Building, University Farm. The program is being arranged by 
Dr. R. H. Lakdon, Chairman of the Minnesota Section, and Ralph W. 
Lorenz, Secretary, Division of Forestry, University Farm, St. Paul. The 
tentative program has been arranged as follows ; 

Monday a. m. Registration at the A. A. A. S. headquarters. 

Tuesday A. m. Joint session. Section 0 of the A. A. A. S., and sym- 

posium on “Improving the germplasm of domestic plants 
and animals,” with addresses by Dean W. C. Coppbt, 
Hon. H. A. Wallace, J. L. Lush, and Olap Aamodt. 

Tuesday p. m. Discussions and inspection of laboratories and demon- 
stration of research work in progress in the physiolog- 
ical laboratory, Department of Botany (Minneapolis 
Campus) and Section of Plant Physiology (University 
Farm) ; also laboratories of the Shelter Belt Project of 
the Lake States Forest Experiment Station at Univer- 
sity Farm. 

Tuesday evening A picnic supper on the St. Croix river has been arranged 
by Dr. and Mrs. R. B. Harvey. 

Wednesday A. m. Session for presentation of papers of the A. S. P. P., 
Room 102 Horticulture Building, University Farm. 
Symposium for presentation of papers on dormancy, 
after-ripening, and germination of seeds. 

Wednesday p. m. Continuation of morning symposium if necessary, with 
the remainder of the afternoon for papers of general 
interest. 

Thursday A. m. Field trip with plant pathologists and horticulturists to 
Coon Creek peat experimental plots, commercial vegeta- 
ble growers (peat soil), early potato section at Osseo, 
market garden area at Brooklyn Center. 

Thursday p. m. Field trip continued to Minnesota Fruit Breeding Farm 
(accompanied by plant pathologists and horticulturists). 

Friday, Saturday A field trip to Itasca State Park, the Cloquet Forest 
Experiment Station, and North Shore of Lake Superior, 
joint with Plant Science Group. 

Titles of papers for the symposium on dormancy, after ripening, and 
germination of seeds, and also papers of general interest, should be sent to 
Ralph W. Lorenz, Secretary of Minnesota Section, Division of Forestry, 
University Farm, St. Paul, Minnesota. 
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The Lowry Hotel in St. Paul has given proper assurance that out-of- 
town guests will be given every consideration and adequate accoimuodations 
if they wish to make it their lodging headquarters. Please make reserva- 
tions early. 

St. Louis Meeting. — The twelftli annual meeting of the American 
Society of Plant Physiologists will be held late in December, 1935, at St. 
Louis. It is not too early to begin planning for this important series of 
meetings. Members of the Society can aid the program committee and 
other ofScers responsible for the arrangements by prompt response to calls 
for service. If symposia are contemplated early decisions as to topics and 
invitation papers would be desirable in order to permit more deliberate 
preparation by participants. The quality of our meetings can be much 
improved by careful planning and choice of material. Programs frequently 
list too many unrelated papers, and so many papers are offered that the 
program committee should no longer feel obliged to accommodate all offer- 
ings. Each meeting affords an opportunity to get out of ruts or fixed 
grooves and to improve the technique of meetings in general. 

Minnesota Section. — The Minnesota Section of the Society has held 
meetings once each month during the year, with an attendance of 15 to 30 
at each meeting. The speakers who have addressed the section during the 
year and the topics under discussion are as follows : 

Dr. J. P. McClendon, Physiology in Japan and China. 

Mr. F. B. Chandlee, Winter injury in apple trees. 

Mr. R. E. Oltman, Research on chlorophyll and photosynthesis. 

Dr. G. 0. Bube, Current physiological research in Europe. 

The officers of the Minnesota Section for 1935 are Dr. R. H. Landon, 
chairman, and Mr. R. W. Lobenz, secretary. Dr. Landon and Dr. Haevey 
are also taking care of the program and entertainment arrangements for 
the summer meetings. Those who several years ago attended a previous 
summer meeting of the Society under the auspices of the Minnesota Section 
will surely anticipate with much pleasure the June meetings. 

Editorial Committee. — As was announced in January, the editorial com- 
mittee is to be reorganized. The executive committee has now arranged 
the procedure for rotational retirement and annual appointment of mem- 
mers of the editorial board of Plant Physiology. The present members 
of the board have been appointed with retirement dates as follows ; 0. A. 
Shull, editor-in-chief, 1939 ; B. E. Livingston, 1938 ; P. E. Lloyd, 1937 ,- 
C. B. Lipman, 1936 ; C. R. Ball, 1935. As each member retires, a successor 
will be appointed for a 5-year term. This arrangement provides a degree 
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of permanence and stability, but permits a slow change in personnel if the 
executive committee thinks it desirable. The addition of elective members 
chosen by the society at large waits upon constitutional authority to make 
such enlargement of the board. 

Finance Committee. — The finance committee has been placed upon a 
rotational basis of appointment. As now constituted the finance committee 
consists of three members ; C. A. Shull, chairman, appointed for 3 years ; 
A. E. Murni:ek, 2 years ; W. F. Loehwing, 1 year. 

International Botanical Congress Delegate. — The American Society of 
Plant Physiologists will be officially represented at the sixth International 
Botanical Congress at Amsterdam in September, 1935, by Dr. Walter F. 
Loehwing, University of Iowa. 

Chemical Methods Committee. — The committee on chemical methods 
has been enlarged by the appointment of Dr. 11, R. Kraybjll, Purdue Uni- 
versity, to membership on the committee. The committee will continue to 
serve as a clearing house of information concerning methods of analysis 
most useful to plant physiologists. 

Chemical Methods Committee Report. — The first supplemeniary report 
of the committee on chemical methods appears in this number of Plant 
Physiology. The chairman of the committee, Dr. W. E. Tottingham, 
Department of Agricultural Chemistry, University of Wisconsin, Madison, 
Wisconsin, will have a supply of the reprints of this report bound together 
as a single reprint. These will be available at a price to be determined by 
their cost. Announcement of the price will be made in the July number of 
Plant Physiology. When it is possible to do so, members should send in 
club orders for the number needed locally by members and students. This 
will materially decrease the cost of distribution. 

International Address List. — A third revised edition of the interna- 
tional address list of plant physiologists has been authorized by the execu- 
tive committee. It is to be published as Bulletin no. 9 of the American 
Society of Plant Physiologists, and it is hoped it will be ready for distri- 
bution to the members this fall. This address list has been issued at about 
5-year intervals, and is a very useful bulletin. As in the case of the first 
two editions, this one will be compiled and edited by Dr. R. B, Harvey, 
University of Minnesota. 

Low Temperature Relations Bibliography. — ^For many years Dr. R. B. 
Harvey has been engaged in compiling a fairly complete list of the publi- 
cations dealing with the low temperature relations of plants. This list 
has now been mimeoprinted by the Burgess Publishing Co., Minneapolis, 
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with the title ‘‘An annotated bibliography of the low temperature relations 
of plants/’ There are 195 pages of citations, two columns to the page, and 
a listing of more than 3,400 items. There are very brief annotations when 
the titles fail to indicate the nature of the contents of the papers. A sub- 
ject index occupies 28 pages. 

The bibliography represents a very large and unselfish expenditure of 
time and energy. It will be a most useful work to those who are engaged 
in investigating any problem involving the effects of low temperatures on 
plant behavior. As science becomes more complex, and scientists more 
numerous and more prolific, such bibliographies become more and more 
necessary to progress in research. The author of this work and his aids 
deserve praise for having made available this valuable bibliography. The 
price of the volume in flexible binding is $4, and orders may be sent direct 
to the publishers. 

Biochemical Laboratory Methods. — A second edition of Dr. C. A. 
Morrow’s Biochemical Laboratory Methods has been prepared by Dr. 
W. M. Sandstrom. The chapters have been reorganized and modified to 
fit the work to serve as a laboratory manual to go along with Gortner’s 
Outlines of Biochemistry. The book is somewhat reduced in size, from 350 
to 319 pages, owing to omission of some material more adequately supplied 
in the Outlines, It is a very helpful laboratory manual. The publishers, 
John Wiley and Sons, quote the price as $3.75 per copy. 
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ACCUMULATION OF BORON BY RECIPROCALLY 
GRAFTED PLANTS 

Feank M. Eaton and George Y. Blairi 
(with three figures) 

Introduction 

The experimental data presented in this paper show that the amount of 
boron accumulated by plants may be materially influenced by the rootstock. 
The boron relations of agricultural plants have been found to be diverse and 
the characteristics of boron accumulation are in some measure differentiated 
from the accumulation characteristics of other elements. Certain facts in 
this regard, illustrated in the following three paragraphs and more exten- 
sively presented elsewhere (1), provide in a measure a background for the 
experimental results here to be considered. 

An outstanding variability exists in the extent to which different plants 
take up boron. The boron concentrations resulting in entire plants, ex- 
pressed in parts per million on the basis of dry weights, when grown in sand 
cultures maintained with a nutrient solution containing 5 p.p.m. of the 
element, were as follows : Navy beans 648, lima beans 615, wheat 453, pump- 
kin 291, lettuce 261, turnips 245, Canadian field peas 207, tomatoes 159, 
alfalfa 139, Acala cotton 123, asparagus 120, and carrots 69. 

The distribution of boron throughout a plant is not uniform ; it tends to 
accumulate in some parts more than in others. The leaves of rooted lemon 
cuttings grown in the cultures just mentioned contained 1232 p.p.m. of boron 
and the combined stems and roots 54 p.p.m. Young elms had 943 p.p.m. in 
their leaves and 22 p.p.m. in their stems ; corn had 60 p.p.m. in the combined 
leav^, stalks, and roots and 16 p.p.m. in the grain; roses had 220 p.p.m. in 
their leaves and 20 p.p.m. in their stems. Twigs of boron-injured prune 
trees in an orchard planting contained 176 p.p.m. of boron in their leaves, 

1 Special acknowledgment is made of the indispensable analytical work carried oat by 
V. P. SoxoLorr and L. V. Wilcox. 
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412 p.p.m. in the bark, and 171 p.p.m. in the wood. Twigs of slightly 
injured lemon trees on the other hand contained 410 p.p.m. in their leaves, 
42 p.p.m. in the bark, and but 9 p.p.m. in the wood. As shown by Scofield 
and Wilcox (7), orange trees with 854 p.p.m. of boron in their leaves con- 
tained but 40 p.p.m. in the dried fruits. 

Within particular plant parts differences in accumulation are likewise 
found. A sample of injured lemon leaves showing marginal burning and 
the characteristic yellowing of the leaf tissue farther removed from the veins 
had 47 p.p.m. of boron in the midveins and petioles, 438 p.p.m. in the green 
portion of the leaf laminae, 1060 p.p.m. in the yellow portions, and 1722 
p.p.m. in the dead margins and apices. The bark at the enlarged nodes of 
the boron-injured prune twigs just referred to contained more boron than 
the bark of the internodes. 

The facts that in most plants boron tends to accumulate in leaves, and in 
these at points farthest removed from the water-conducting tissue, suggest 
that it is carried to the leaves by the transpiration stream. The same facts 
also imply that boron as taken up and as moved to the leaves (probably as 
an inorganic radical) is highly mobile, but upon reaching the leaves much 
of it is converted into compounds that are not very mobile. These less 
mobile compounds probably represent the result of reactions with organic 
constituents in the leaves. 

We should expect the mobility of boron compounds or the equilibria 
between mobile and non-mobile compounds as they exist in the leaves or 
elsewhere in the plant to affect not only the distribution of boron in the 
various parts of the plants, but also the rate of uptake from the soil or culture 
solution. Boron moved to the absorbing roots, as by transport through the 
phloem, would be expected to depress absorption rates; whereas very low 
concentrations in the absorbing root cells should tend to favor increased 
absorption rates. 

It is reasonable to assume that mobility ( 4 ) is a factor that may have a 
marked effect upon absorption rates, but absorption rates as they relate to 
concentration potentials across absorbing membranes must likewise be con- 
sidered in the light of membrane characteristics. We cannot assume that 
the absorbing root cells of all plants tend to maintain like concentration 
potentials. The data submitted in this paper show that the amount of boron 
accumulated by plants can be altered by substituting rootstocks. While no 
record has been found in the literature of an effect of rootstock on the 
accumulation of any electrolyte in the above-ground portions of plants, con- 
sideration has nevertheless been given to this possibility. Swingle, Robin- 
son, and May (9), having observed in greenhouse tests in Washington in 
1928 that Severinia huxifolia (a citrus relative) was more tolerant to boron 
than the several citrus varieties compared with it, suggested that the plant 
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for this reason might provide a promising rootstock for commercial citrus 
in areas supplied with boron-contaminated irrigation water. 

Since a grafted plant may be a combination of two varieties of the same 
species, of two species, or even of two genera, it is surprising that so little 
work dealing with the effects of rootstocks upon absorption of nutrient or 
toxic ions should have been conducted or recorded. Only two reports of 
such studies have been found. Roach (0) has reported the spectroscopic 
examination of the wood of one of two apple stocks to have shown molybde- 
num to be present. But this element was not found in the wood of the one 
scion variety grafted to these stocks. No spectroscopic evidence was ob- 
tained that the two rootstocks were different in their absorption of other 
elements or that the rootstock affected the accumulation of electrolytes in 
the scion variety. Haas and Halma (2) have shown that differences in the 
solubility but not in the total amount of magnesium of the bark of citrus 
rootstocks resulted when field-grown trees had different scions. Different 
rootstocks did not give rise to differences in the solubility or quantity of 
magnesium in the bark of the scion. The concentration or solubility of 
calcium was not affected either in the stock or in the scion by the several 
combinations studied. 

The primary purpose of the studies here reported was to determine 
whether boron accumulation is primarily conditioned on root characteristics 
or on characteristics of or reactions in the above-ground organs. In electing 
to use reciprocally grafted plants as a method of experimental approach to 
this question, it was recognized as essential that the plants employed should 
be well contrasted with respect to boron uptake. The Jerusalem artichoke 
and the sunflow’er were selected as one plant pair and the lemon and Chinese 
box orange as another. 

The Jerusalem artichoke (Helianthiis tuberosus) is sensitive to boron, 
being severely injured when boron is present in culture solutions in concen- 
trations as low as 5 p.p.m. The sunflower {Helianthus annuus), on the 
other hand, is only moderately tolerant to boron ; its growth is not greatly 
reduced by culture solutions containing as much as 15 p.p.m. The artichoke, 
when grown beside the sunflower in the same culture solution, accumulates 
in its leaves higher concentrations of boron than does the sunflower. The 
two plants, which may be readily intergrafted, are different in an important 
physiological respect; inulin is the storage carbohydrate of the artichoke, 
whereas starch is the storage form in the sunflower. 

The lemon (Citrus limonia Osbeck) is highly sensitive to boron; in fact 
few plants are thought to be more sensitive, and it accumulates much boron 
in its leaves. The Chinese box orange, Severinia buxifolia, on the other 
hand, in confirmation of the observation of Swingle, Robinson, and Mat, 
is relatively tolerant to boron. Severinia has been found to accumulate 
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much less boron in its foliage than does the lemon. The writers are indebted 
to Swingle, Kobinson, and May for supplying the Severinia and reciprocally 
grafted lemon and Severinia plants used in these experiments. 

Experimental methods 

Sunflowers and artichokes 

The sunflowers and artichokes on their own roots and the reciprocally 
grafted sunflowers and artichokes were grown out of doors in large sand 
culture vessels during the summers of 1932 and 1933 at Riverside, California. 
The base culture solution had the following composition: Ca(N03)2, MgS04, 
KH2PO4, in concentrations of 4, 2, and 2 millimoles per liter respectively. 
In addition there were added MnClg to give 0.5 p.p.m. of manganese, 1 cc. 
per liter of a 5 per cent, solution of iron tartrate, and boric acid in suflicient 
amounts to give the concentrations of boron subsequently indicated. This 
solution was applied daily in suflScient excess to produce 50 per cent, or more 
of drainage from the sand culture vessels. 

In both years the plants were all grown together in a single vessel, thus 
assuring that they were subjected to like concentrations of the boron sup- 
plied. 

In 1932 the seeds and tubers were planted on April 12 and the artichokes 
and sunflowers reciprocally grafted by the approach method on June 10. 
From time of planting until July 8 the nutrient solution contained 1 p.p.m. 
of boron. The same nutrient solution but with 5 p.p.m. of boron was used 
from July 8 until the plants were harvested on August 19. In other words, 
these plants received the high boron solution for 42 days at the end of which 
period some of the older artichoke leaves had been killed. 

In 1933 the sunflower seeds were planted on April 11 and the artichoke 
tubers on May 14. The grafting was done during the last week of June. 
These plants were grown with 1 p.p.m. of boron in the nutrient solution 
until September 1 and thereafter until harvested on October 1 with a 5 p.p.m. 
solution. By September 1 all branches of both sunflowers and artichokes 
were terminated by a flower or flower bud ; no new leaves were formed there- 
fore by the 1933 plants during the high boron treatment. In 1932 new 
leaves developed after the high boron treatment had been started. 

In 1932 separate samples were taken of old and young leaves but not 
all leaves on any plant were included. In 1933 each leaf sample included 
all of the leaves, either sunflower or artichoke, on a particular plant. 
Enough boron may accumulate in a mature Jerusalem artichoke leaf of a 
plant growing in a 1 p.p.m. boron solution to cause some injury, and while 
some boron will likewise accumulate in sunflower leaves there will be no 
visible evidence of injury. 
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In 1932 the stem samples were of 9-inch segments above and below the 
point of the graft on the grafted plants and above and below a comparable 
point on the ungrafted plants. The 1933 stem samples were of entire stems 
divided only as to artichoke or sunflower. 

Lemons and Sbverinia 

The base nutrient solution used for the lemon and orange experiments 
was the same as that used for the artichoke and sunflower experiments but 
the boron concentrations of the solutions as applied were 2, 4, and 6 p.p.m. 
These concentrations were used for 22 months before the samples of mature 
leaves were collected for analysis, February 2, 1934. 

The lemons on their own roots were three years old from cuttings. The 
oranges on their own roots and the reciprocally grafted lemons and oranges 
were 3 and 4 years old and were also from cuttings. 

For the most part the different plants were grown in separate 20-gallon 
sand culture cans, although some were paired in the same cans (table II). 
Except when the plants were in pairs in the same containers, it is not implied 
that the average boron concentrations as presented to the roots were identical 
for all plants of a series. Under Riverside climatic conditions the concen- 
trations of boron in culture solutions such as were here used increase as the 
volumes are decreased by transpiration. The transpiration losses from the 
different sand-culture cans were different owing to differences in plant sizes. 
The 2, 4, and 6 p.p.m. boron concentrations therefore should be looked upon 
as minimum concentrations. The culture solutions were applied daily in 
quantities roughly in proportion to plant sizes and always in sufficient 
amount to produce copious drainage. Only mature leaves were selected for 
analysis. The average age of leaves making up each of the s€imples un- 
doubtedly varied a little. This variation, like the possible variation in the 
concentration of boron in the culture solutions held by the sand in cans 
receiving like treatments, would affect to some extent the quantity of boron 
accumulated. 


Experimental results 

Sunflowers and artichokes 

The results of the 1932 experiment are reported in table I. The concen- 
trations of boron found in the samples of the sunflower leaves were 50 per 
cent, greater w’hen this plant was grown on artichoke roots than when grown 
on its own roots; for the older leaves the values were 1470 and 936 p.p.m. 
respectively. Conversely, when the artichoke was grown on its own roots 
the older leaves were found to contain 1520 p.p.m. of boron whereas when 
on sunflower roots the older artichoke leaves contained but 711 p.p.m. of 
boron. 



416 


PLANT PHYSIOLOGY 


TABLE I 

Boron in lsatrs and stems of sunflowers and artichokes when on their own roots 

AND WHEN RECIPROCALLY CRAFTED J 1932 EXPERIMENT 


Plant 

Boron (dry weight) 

Sunflower on own roots 

p.p.m. 

Older leaves .... 

936 

Younger leaves 

494 

Stems: upper segment 

30 

Stems: lower segment 

24 

Artichoke on own roots 


Older leaves ..... 

1520 

Younger leaves 

1224 

Stems: upper segment ... 

63 

Stems: lower segment 

50 

Sunflower on artichoke roots 


Older leaves 

1470 

Younger leaves 

1128 

Stems: sunflower segment . . 

40 

Stems: artichoke segment 

43 

Artichoke on sunflower roots 


Older leaves 

711 

Younger leaves 

414 

Stems: artichoke segment 

21 

Stems; sunflower segment . . 

26 


The sunflower leaves showed only mild injury when the plant w’^as on 
its own roots but the injury was marked when on the artichoke roots (fig. 1) . 
The artichoke leaves were severely injured when the plant was on its own 
roots ; while on sunflower roots the injury was perhaps 60 per cent, as severe. 

The results of the 1933 trials are shown diagrammatically in figure 2. 
The methods were different from those of 1932 in that the plants were not 
subjected to the high boron concentration until they had flowered, and then 
for only a 30-day period during which no new leaves were formed. Also in 
1933 branches of the rootstock variety were allowed to develop below the 
grafts. All leaves of a species on each individual plant were combined as 
single samples irrespective of age. 

As shown in figure 2, the concentrations of boron in the leaves of two 
sunflower plants on their own roots were 575 and 684 p.p.m., whereas 
sunflower leaves on plants with artichoke roots contained 1026 and 954 
p.p.m. of boron. Conversely, the leaves of artichoke plants on their own 
roots contained 893 and 879 p.p.m. of boron, whereas on sunflower roots 
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Fig. 1. Sunflower leaves of like ages: leaf on left is from a plant on its own roots 
and shows only a little boron injury along its margin; leaf on right is from a plant on 
artichoke roots and is severely injured. 

artichoke leaves contained 663, 690, and 644 p.p.m. of boron. The anomaly 
presented, for example, by the high accumulation of boron in basal sun- 
flower branches of plants with artichoke tops will be dealt with in the 
discussion. 



Fiq. 2. Sunflowers and artichokes of 1933 experiment: boron concentrations, ex- 
pressed as p.p.m. of dry weights, represent samples of all leaves and of entire stems of 
each plant, separated (as designated) only as to species. 
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Lemons and Sbvbxikia 

The effects of reciprocally grafting lemons and Severinia huxifolia on the 
accumulation of boron in the leaves are set forth in table II. 

TABLE II 

CONOaNTKATIONS OT BmtON IK LEMON AND StvXBtxu LEAVES (DRT WEIOBT) AFTER OROWIKO 
im 22 UOBTHB IK SAKO cultures SUPPUED with NUTRIENT BOLUTIOK 
OONTAIKIKO 2, 4, AND 6 P.P.M. OF BORON 


Plant 

Boron in culture solution 

2 

4 

6 

Eureka lemon on own roots 

p.p.m. 

p.p.m. 

p.p.m. 

Can: 2B~12 4B-13 ... 

637 

1065 

Dead 

2B-13 

724 



Eureka lemon on box orange roots 




Can: 2B-10 4B-10 6B10 

223 

283 

517 

Lisbon lemon on box orange roots 




Can: 2B-13 4B-13 6B--12 

253 

397 

457 

Box orange on Eureka lemon roots 




Can: 2B-10 4B-10 

528 

877 


Box orange on owti roots 




Can: 6B-H-1 
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These results are similar to those obtained with sunflowers and arti- 
chokes but are perhaps even more outstanding. In terms of the concentra- 
tions of boron accumulated, the lemon and box orange are more sharply con- 
trasted than the sunflower and the artichoke. 

Lemon on box orange roots had about one-third as much boron in their 
leaves as when grown on their own roots. The data indicate that the boron 
concentrations in the box orange leaves are increased threefold when the 
plant is grown on lemon roots. There were no box orange plants on their 
own roots in the 2 and 4 p.p.m. cans, but the plant in 6 p.p.m. on its own roots 
had 390 p.p.m. whereas the box orange on lemon roots in 4 p.p.m. had 877 
p.p.m. of boron in its leaves. Lemon leaves on their own roots were more 
severely injured than when on the box orange roots (fig. 3) . 

Both Eureka and Lisbon lemons were used in these tests. We believe 
that the reactions of the two varieties to boron may be considered identical 
since no differences were found in their boron accumulation characteristics. 
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Fig. 3, Lemon leaves: leaf on left is from a plant on its own roots and shows marked 
boron injury; leaf on right is from a plant on Severinia roots and shows little boron 
injury. 

Discussion 

The data presented show that the quantities of boron accumulating within 
plants may be affected in an outstanding way by the character of the root- 
stock. The boron relations of plants, however, are known to be broader and 
more complex than these experiments would suggest. That the character 
of the rootstock does not stand alone as a factor determining boron absorp- 
tion, accumulation, and injury may be illustrated by the behavior of Payne 
and Eureka walnuts on black walnut roots. 

Under field conditions it has been found that the Payne walnut shows 
less severe leaf injury than the Eureka variety when the two are grown on 
black walnut (Juglans hindsii Jepson) roots in the same grove. Leaves of 
the Payne variety have likewise shown less injury and have uniformly con- 
tained less boron than leaves of the Eureka variety w^hen the two were grown 
on black walnut roots side by side in sand cultures (table III). 

Tolerance to boron is only in part a matter of non-accumulation. Marked 
differences exist in the concentrations of boron found in the leaves of differ- 
ent species showing a similar severity of injury. The Navel orange accumu- 
lates perhaps slightly more boron in its leaves than does the lemon when 
both are grown on like rootstocks under comparable conditions, and yet the 
injury shown by lemons greatly exceeds that shown by oranges. Oranges 
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TABLE III 

Bokon in leaves (dry weight) op Payne and Eureka walnuts on black walnut roots 

WHEN GROWN IN PAIRS IN SAME CULTURES. CULTURE CONTAINED A TRACE OP 

BORON PROM IMPURITIES OP THE CHEMICALS AND SAND. CONCENTRATIONS OP 
BORON IN OTHER BEDS WERE MAINTAINED AS INDICATED. LEAVES WERE 
COLLECTED AT END OP PIRST GROWTH SEASON APTER TRANSPLANT- 
ING TREES WITH YEAR-OLD BUDS PROM FIELD 


Variety 


BORRON in CULTURE SOLUTION 



1 

3 

6 

9 

Payne 

p.p.m. 

46 

p.p.m. 

162 

p.p.w, 

468 

p.p.m. 

728 

p.p.m. 

1280 

Eureka 

81 

260 

579 

902 

0* 


* No leaves retaiaed ; all were severely injured and abscissed. 


will withstand possibly twice as much boron in the soil or culture solution 
before injury comparable with that of the lemon is shown. It is most 
reasonable to suppose that differences in the severity of injury that results 
from like concentrations of boron in the leaves of different plants are related, 
at least in part, to the nature of the boron compounds present. Some of 
these compounds may have a far greater toxicity than others. The first 
evidence of injury is manifest by a reduction in the amount of chlorophyll 
in the leaf ; i.a., portions of the leaves turn yellow. This reduction is asso- 
ciated with boron accumulation but as yet we are unable to conclude whether 
the effect is a direct or an indirect one. 

Boron is known to be reactive with a number of organic compounds 
normally occurring in plants and to form with them complex molecules. 
Boric acid combines readily with ethyl alcohol to form tri-ethyl borate, 
(CaHJgBOg, and with methyl alcohol to form tri-methyl borate, (CHglgBOg. 
Boron also unites with various higher alcohols (glycerol, erythritol, mannitol, 
sorbitol, dulcitol) and with certain of the sugars to form compounds of 
uncertain character but probably with ester-like linkages. Analytical use 
is made of the reaction with mannitol which, when added to a solution of 
boric acid, liberates one H ion for each molecule of boric acid present. 
Shkol^nik (8) cites data by Inozemcev showing that boron accelerates the 
gelatinization of gelatin, increases the viscosity and decreases the distention. 
He submits his own data to show that boron exerts an effect on the permeabil- 
ity of roots. Without boron in culture solutions the absorption of PO4, 
NO3, and Ca by flax and Vida faha was greatly increased over control plants 
supplied with boron, whereas K absorption was depressed. These relation- 
ships indicate that boron has a marked effect on the permeability of the plant 
protoplasm and that it may combine with proteins or their derivatives, but 
the reactions between boron and the amino acids or proteins apparently have 
not been investigated. 
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Only a little is known about the character of organic compounds of 
boron, and while there may be many of them, they have received scant atten- 
tion. Attempts to isolate, identify, or measure the quantities of such com- 
pounds in plant material or to trace their movement would be of uncertain 
outcome and scarcely warranted at the present time. The total-boron 
analyses presented in the introduction provide evidence that boron, after 
reaching the leaves, forms compounds that are not readily translocated. The 
same data indicate that in different plants there are differences in the extent 
of movement. These facts favor the complex organic-molecule interpreta- 
tion of low mobility. 

In the sunflower-artichoke experiments it was found that the leaves of 
basal sunflower branches of plants with sunflower roots and artichoke tops 
contained 868 and 930 p.p.m. of boron whereas sunflower leaves on plants 
without the artichoke top contained 575 and 684 p.p.m. of boron. These 
observations can be explained if we assume either that the boron of the 
artichoke is more mobile than that of the sunflower or that the ratio of 
mobile boron to non-mobile boron is higher in the artichoke than in the sun- 
flower. On either basis a movement of boron from artichoke leaves to 
sunflower leaves should occur with a resultant accumulation in the sunflower 
leaves of boron converted into a less mobile form. 

It has been suggested that differences in transpiration rates might 
account for the marked variability in the boron absorption characteristics 
of different plants. Without attempting to minimize the possible impor- 
tance of this factor, it is nevertheless desirable to point out that the total 
boron taken up by plants when considered with reference to the total tran- 
spiration shows the ratios of water absorbed to boron absorbed to be high. 
Transpiration, for example, would fail to account for the threefold effect on 
boron accumulation that resulted when the lemon was grown on Severinia 
roots or when Severinia was grown on lemon roots. 

On the basis of the foregoing, two theories may be advanced as to why 
plants show differences in the quantity of boron absorbed. The first recog- 
nizes, as between plants, differences in the characteristics of the protoplasts 
of the absorbing roots that affect the equilibria between external and internal 
boron concentrations and therefore the rate of boron uptake. The second 
recognizes, as between plants, differences in the forms and in the equilibria 
concentrations of the non-mobile and mobile boron of the leaves and other 
organs that would be expected in turn to affect boron concentrations in the 
root cells and accordingly the rate of uptake. Low concentrations of mobile 
boron by the latter theory would favor low concentrations in the root cells 
and increased rates of uptake and relatively high concentrations of total 
boron in the leaves. The many facts which have been accumulated with 
regard to plant reactions to boron can best be explained by assuming that 
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both these theories are essentially valid and that both may be operative in 
one and the same plant at the same time, acting either in the same or in 
opposite directions to varying degrees. 

The researches of Ostehhout (6) and others demonstrate that single cells 
may show outstanding differences in their intake equilibria. But as Hoag- 
LAND and Davis (3) emphasize in their study of the intake of electrolytes 
by Nitella, the mineral nutrition of plants involves much more than a ques- 
tion of cell permeability. That higher plants grown on the same substratum 
differ in the quantity and proportion of ions they absorb needs no confirma- 
tion, for differences are the rule rather than the exception. The work of 
Mason and Maskell (4) on the transport of calcium, phosphorus, nitrogen, 
and potassium through the phloem can leave little doubt regarding either 
the downward movement of several of these constituents from the leaves 
to the roots or their reappearance in the transpiration stream. Elements 
returned to the root cells through the phloem, as they believe to be the case, 
must almost unquestionably affect absorption rates. Mason and Maskell ^s 
deductions as to the mobility of various forms of nitrogen and carbohydrates 
conform with the conditions here deduced with respect to the mobility of 
boron. 

The obvious conclusion to be drawn from the boron experiments is that 
both root-cell permeability and the mobility of the boron compounds occur- 
ring in plants affect uptake and accumulation. Whether or not valuable 
field application can be made of these possibilities is a question that cannot 
now be answered. The selection of rootstocks possessing desirable absorp- 
tion characteristics can constitute only a part of inquiries directed toward 
practical ends, since rootstocks are to be chosen also on the basis of such 
factors as disease resistance, vigor, and compatibility. 

The foregoing discussion naturally leads to the more general question of 
whether the rootstock effect here observed is limited to boron. It is recog- 
nized that the reaction of plants to high concentrations of boron is in some 
respects outstanding and in a measure differentiated from plant reactions 
to other inorganic constituents of the soil. Nevertheless there seem to be no 
grounds for assuming that the rootstock effect may not be a common one. 
A question is likewise presented as to whether certain rootstocks might be 
more profitably used than others for the culture of orchard crops on soils 
deficient in one or more nutritive elements. If the effect with respect to 
certain other ions is a common one, then it is not at all unlikely that a measure 
of advantage has already been taken of it in the choice of rootstocks in older 
orchard sections, even though the selections may have been made on the basis 
of observed suitability by a trial and error process rather than through any 
recognition of cause. 
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For the purpose of determining whether sunflowers and artichokes or 
Chinese box oranges and lemons were different with respect to the accumula- 
tion of calcium, magnesium, sodium, potassium, or sulphate, analyses were 
made of the leaves of these plants as grown on their own roots. These 
analyses did not show differences sufficiently well marked with respect to any 
of the determined ions to offer promise of significant differences in the 
reciprocally grafted plants. 


Summary 

1. There is an outstanding variability in the extent to which different 
plants take up boron. The boron accumulated by plants is not uniformly 
distributed in the different organs or parts but tends to accumulate in some 
parts to a much greater extent than in others. Within particular plant 
parts the accumulation of boron is by no means uniform ; 30 times as high a 
concentration of boron has been found in the margins of lemon leaves as in 
the midveins and petioles. It is believed that boron is carried to the leaves 
by the transpiration stream as an inorganic radical but that on reaching the 
leaves much of it combines with organic compounds that are not very mobile. 

2. The boron concentrations accumulating in the leaves of the scion were 
directly influenced by the rootstocks upon which they were grown. The 
scion leaf concentrations were reduced if grafted to varieties normally 
accumulating lesser concentrations and increased if grafted to varieties 
normally accumulating higher concentrations. Concentrations of boron in 
scion leaves tended to approach those normal to the rootstock variety. 
Reciprocally grafted sunflowers and Jerusalem artichokes were used in one 
series of experiments and lemons and Chinese box oranges in another. 

3. Boron absorption is not wholly contingent upon the rootstock em- 
ployed. Eureka walnuts accumulate more boron in their leaves than the 
Payne variety when both are grown in the same cultures on black walnut 
roots. Different species accumulating comparable concentrations of boron 
in their leaves may show marked differences in severity of injury. 

4. With other conditions equal, the rate of boron absorption is determined 
by (1) the characteristics of the absorbing root cells, and (2) the nature of 
the boron compounds in a plant and the equilibria between mobile and non- 
mobile forms. The mobility of boron in the plant or the proportions of 
mobile and non-mobile boron would be expected to affect not only the distri- 
bution of boron in different parts of the plant but also the concentration 
of boron in the root cells and accordingly the rate of uptake. 

Unitbd States Department op Agriculture 
Division of Western Irrigation Agriculture 
Bubiooux Laboratory, Biverside, California 
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SALT TOLERANCE OF BUPPIA MABITIMA IN LAKES OF HIGH 
MAGNESIUM SULPHATE CONTENT^ 

Elizabeth McKay 
Introduction 

The ability of halophytes to develop under conditions which would mean 
death to most vegetation is well known. Salt marsh plants, growing where 
sodium chloride is the chief constituent of the soil solution and where salt 
concentrations usually vary from 1 to 6 per cent., are the most common 
halophytes. Much less numerous than the salt marshes are the lakes whose 
chief constituent is magnesium sulphate, a compound toxic to many plants 
in any but very dilute concentrations. Although the plants of the two 
types of lakes are to some extent the same, very little work has been done 
on those of the magnesium sulphate lakes. In view of the common toxicity 
of magnesium salts to plants and the scarcity of information concerning 
the physiological relations of halophytes, it has seemed worth while to 
investigate the vegetation of certain lakes lying in north central Wash- 
ington and adjacent British Columbia which are unusual in having a very 
high proportion of magnesium sulphate in the salt content and in support- 
ing seed plants at salt concentrations as high as 25 or 26 per cent. Studies 
were made on three lakes lying in the eastern foothills of the Cascade 
Mountains in the northern part of Okanogan County, Washington, and 
British Columbia, in one of which Buppia maritima L. grows abundantly, 
completely submerged in the salty water of the lake. 

The first of these, known locally as Epsom Lake and designated in this 
paper as no. 1, lies about 4 miles northwest of the town of Oroville, in 
northern Washington, about midway between Lake Osoyoos and the 
Similkameen River. The geology of the region was described by Jenkins 
(10). St.John and Courtney (36) listed the phanerogams growing in 
the lake and on the walls of the surrounding basin. They report the banks 
to be of practically pure salt, in w’hich the plants were apparently rooted. 
Analyses of salts taken from the surface of the water gave a content of 99.64 
per cent, of MgS 04 . 

The lake lies at an elevation of about 2000 feet, with walls of the basin 
reaching several hundred feet higher. The lake itself, which drains an area 
of about one square mile, is, when full, approximately four acres in extent and 
30 feet deep. There is no outlet and drainage waters remain until evaporated 
during the dry summer season, when the lake is reduced to a series of small 

1 Contribution no, 39 from the Botany Department of the State College of Washing- 
ton, 
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pools and the bed becomes white and crystalline in appearance. The sur- 
rounding vegetation is sparse. 

The second lake studied, designated no. 2, lies several miles north of no. 
1, in British Columbia, on a ridge of Kruger Mountain, about 8 miles from 
the town of Osoyoos. It is known locally as Spotted Lake, owing probably to 
its spotted appearance when summer evaporation has reduced it to a series of 
round pools. Like no. 1, Spotted Lake is the drainage basin for the sur- 
rounding hills and has no outlet. It is considerably larger than no. 3, being 
about one-half mile long and 300 yards wide. The elevation is somewhat 
greater than that of lake no. 1 but the walls of the basin are not so steep. 
Vegetation is even more sparse than around lake no. 1 and no sign of plant 
life is found in the waters of the lake except a few algae. The lake contracts 
to a white bed with round pools of saturated water after a dry period ( 10 ). 

Lake no. 3 lies a few miles to the south of no. 2 and at a greater eleva- 
tion on Kruger Mountain. It is much larger and considerably deeper than 
the others. Although it is much less concentrated than the others there is 
no evidence of plant or animal life and no growth of plants for some 
distance from the water’s edge. The soil of the banks is colored and sandy, 
and is not so white and crystalline in appearance as that of the other two 
lakes. 


Literature review 

Until recently work on halophytes has been concerned chiefly with their 
ecological relations. Schimper (34) described halophytes as those plants 
which are capable, owing to xeromorphic adaptations of physiological and 
anatomical characters, of living under conditions of physiological dryness 
where water, although present, is not readily available ' to the plant. 
Pitting (7) found halophytes able to develop osmotic pressures of sufficient 
value to overcome the resistance to absorption of greatly concentrated soil 
solutions. Delp (4) found the transpiration rates of Salicornia annua and 
Suaeda maritima comparable to mesophytes such as Vida faba, the halo- 
phytes having no stomatal modifications to reduce transpiration. Yapp 
(40) described the xeromorphic character of Spiraea ulmaria, showing the 
development of characters usual in xerophytes. Apparently halophytism 
may be expressed in either physiological or morphological adaptations or 
both. 

OsTERHOUT (15), in working with marine plants, found that each of the 
salts of sea water is poisonous when alone but that the mixture, as found 
in sea water, gives a ‘‘physiologically balanced solution which the plant is 
capable of using. The idea of balance of solution was soon extended to 
include fresh water and terrestrial plants (16). Since then extensive 
investigations by Osterhout (17, 18, 19, 20, 21, 22, 23, 24, 26), True and 
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Bartlett (37, 88 ), Baber (27, 28, 29, 30, 81), Scarth (33), and many 
others have laid the basis for the theory of the antagonism of ions, have 
secured much information concerning the antagonistic relations of various 
ions, and have added greatly to our knowledge of the effects of acids, 
alkalies, and anions and kations of different valences on the permeability 
of plant membranes. Ostebhout (26) and Hoagland and Davis (9) have 
given analyses of the cell sap of Valonia and Nitella respectively, as com- 
pared with the water in which they were growing. 

Recently consideration has been given to the salt requirements of salt 
marsh plants. Analyses made by Zellner (41) of Salicornia herhacea, 
Suaeda salsa, Scorzonera parviflora, Plantago maritima, Aster tripolium, 
and Erythraea tinariafolia growing on soils containing about 3 per cent, of 
soluble salts showed all of the plants to contain large amounts of Na, Cl, 
and SO 4 . Over 20 per cent, of the dry weight was found' to be ash in 8» 
herbacea and 8, salsa. These results are in accord with those of Killian 
(11), who concluded, after studying plants growing in soils rich in salt, 
that NaCl may be in even greater concentration in the plants than in the 
soil, and that different species growing in the same soil may show great 
variation in the salt accumulated in the plant. Montport and Brandrup 
(12, 13, 14) concluded that the resistance of plants to high salt content 
varies at different stages of development of the plant as well as with dif- 
ferent concentrations of salt. The pH of the soil solution plays a minor 
role, but the proportion of Cl and SO 4 is important in determining plant 
distribution. Rikhter (32) likewise found balance important, in that 
plants can tolerate much greater concentrations of balanced solutions than 
of pure salts. He groups plants able to tolerate high content of salt into 
two types with regard to the method of developing the internal osmotic 
pressures necessary to overcome the external pressures. Such plants as 
Helianthus, Triticum, Amaranthus, and Artemisia increase their own 
supply of osmotically active materials, while halophytes such as 8alsola, 
Stiaeda, and 8alicornia can accumulate salts from the outside medium with- 
out harm to themselves. Plants of the first group are characterized by a 
high impermeability of the roots, so that the power to exclude the salts 
determines the limit of concentration which the plants can endure. These 
workers were interested in plants growing in salt concentrations close to 
that of sea water. Brighenti (2) describes salt marshes of the province 
of Ferrara, Italy, near the Adriatic Sea. These have a depth of 50-90 cm. 
In summer the NaCl reaches 41 per cent, concentration, although this is 
diluted in the winter by rain and by the Po di Volano. No phanerogams 
grow in the marshes but some diatoms are found, and the algae Ulva 
latissima and Chaetomorpha crassa are abundant. 
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Flowers (8) describes the vegetation of the Great Salt Lake region, 
listing the plant associations of the lake, the dunes, salt marshes, etc., and 
giving ecological data including the salt content of soils and soil waters. 
He compiles tables of analyses made of Great Salt Lake water at different 
periods from 1877 to 1910. The salt content varied from 13.79 to 27.72 
per cent, during the period. NaCl is the principal constituent. The Cl 
analyses of the total salt vary from 55,1 to 56.54 per cent. Na varies from 
32.81 to 34.65 per cent. ; SO4 from 5.95 to 6.82 per cent. ; and Mg from 0.57 
to 3.18 per cent. The main body of the lake supports no vegetation except 
blue-green algae, of which Apanothece utahensis is at present dominant. 
Three species of animals are listed by Flowers, of which one is Artemia 
gracilis, Buppia maritima is reported as growing in Willard Spur, a part 
of Bear Eiver Bay, where the strong brines of the main body of the lake 
are considerably diluted. 

While magnesium in minute amounts is essential for all plants, to many 
it is toxic in very slightly increased amounts. Considerable variation is 
shown by different plants. Filers (5), investigating the physiology of 
nutrition of the alga Stichococcus hacillaris^ found that this was susceptible 
to relatively small amounts of magnesium salts. Carmin (3) grew very 
young wheat seedlings in solutions of 0.0005 to 0.0150 M solutions of 
MgS04. When growth of the roots and tops was plotted against the con- 
centration of MgS04, the curves showed lessening of the growth with greater 
concentration. The salt was more toxic to the roots than to the tops. 
Trelease and Trelease (36) detected injury due to magnesium toxicity 
in seedlings of wheat, oats, rye, and barley. The severity of injury increased 
as the Mg/Ca ratio increased from 1 to 50, showing the injury to be the 
result of disturbance of balance among the ions. 

Very different results were obtained by Espino and Palisoc (6), who 
found that young rice plants grow well in a culture solution containing 
one part KH2PO4, one part (NH4)2S04, one part Ca(N03)2, and thirty-two 
parts MgS04 with a total concentration of 0.00875 mols of salt per liter. 
MgS04 was necessary, apparently, as Mg(N03)2 and MgHP04 produced 
plants with dry and chlorotic tips on the leaves. 

WoRONicHiN (39) reports a preliminary investigation of the relation 
of MgS04 deposit on the bottoms of lakes near Pjatigorsk to the plant 
growth in the lake. Three periods of development are described. In the 
first period, one of low and medium amounts of salt content, there is a 
growth of Buppia. In the second period there is a decline in the Buppia 
and vegetative growth of Vaucheria dichotoma. In the third period there 
is a rapid salting, decline of Vaucheria and the building of felt. Several 
new Myxophyceae are described: Synechocystis minuscula, OsciUatoria 
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iambi, and Oscillatoria kutzingiana var. crassa, A green alga, Carieria 
flos aquae, is also listed. 


Collection of material 

Collecting trips were made to lake no. 1 at three different times. The 
first was in May of 1931, after several weeks of dry weather. The lake 
was reduced to a series of pools in which the water was greatly concen- 
trated. The banks were brilliantly white, appearing to be practically pure 
salt deposits, although digging below the surface showed the mud under- 
neath to be black in appearance and very ill-smelling. At the time of the 
first visit there was an abundant growth of seed-bearing Buppia mariiima 
and blue-green and green algae in the water. Great numbers of a small 
red crustacean, the ‘‘brine shrimp,’^ Artemia salina, were swimming in the 
water. No plant collections were made, but several liters of water were 
taken and some of the mud was collected. When dried this was white and 
crystalline, being nearly identical in appearance with the salts obtained by 
evaporation of the water. It is in this mud, with its dry, white top layer, 
that the plants root. As the season advances, progressively deeper layers 
dry and become white, finally leaving the root system of Salicornia and 
other plants in what appears to be pure salt. 

The second trip was on May 19, 1933. The season had been much 
rainier than that of two years earlier, and a fairly heavy rain had fallen 
the day before the trip w^as made. The pools of the lake were connected, 
the salt concentration in the water was much less than at the previous visit, 
and the banks, instead of being brilliant and white, were dull gray in 
appearance, giving evidence of their being composed of more than pure 
salt. Buppia mariiima was growing in even greater abundance than previ- 
oixsly and was flowering, but there was little algal growth except in a small 
pool at one side, where the concentration was greater. Ariemia salina was 
abundant in the lake, and a small red Cyclops was also present. Collections 
were made both of Buppia and of the water in which it was growing. 

The third collection was made July 22, 1933. Again the lake had 
evaporated to a series of pools, the banks around were white, and the water 
concentrated, although not so greatly as at the visit in 1931. Buppia was 
growing somewhat less luxuriantly than in May and with a greater admix- 
ture of blue-green and green algae. The Buppia had developed seeds 
about 1-2 mm. in diameter, black and shiny in appearance. Collections 
w^ere made of the plant material and of the water. 

Lake no. 2 was visited in May but no collections were made. The lake 
w^as continuous at that time, with grayish white banks. Occasional piles 
of salt on the bank were snowy in appearance. Except for a few algae, 
there was no sign of plant life in the waters of the lake. 
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The lake was visited again in July, 1933. The bed was an expanse of 
white salt with numerous round pools of saturated water, many of which 
were nearly covered with layers of salt which had crystallized out on top 
of the water. No phanerogams were found in the lake, but small numbers 
of a minute, unicellular, motile, yellowish green alga were seen, probably 
accounting for the yellowish green appearance of the pools from the hill 
above. Collections were made of the water and the alga, but the alga was 
not determined. 

On the July trip to lakes no. 1 and no. 2 a stop was made at lake no. 3 
and water was collected. 

All three of the lakes are highly poisonous to the cattle which graze 
in the region and are tightly fenced to protect stock from access to them. 
Several carcasses lying within a few hundred feet of the lakes were testi- 
mony to the rapidity with which death followed when an animal did drink 
the water. 

That the accumulation of salts is due to the lack of outlets usual to lakes 
is evidenced by the fact that some of the lakes lying between no. 2 and 
no. 3 were supporting an abundant growth of plants usual to lake waters 
and were left accessible to the stock in the region. 

Material and methods 

Data were obtained on the water and plant material from the three 
collections of May, 1931, May, 1933, and July, 1933. This included five 
samples of water, three from lake no. 1, one from lake no. 2, and one from 
lake no. 3. The plant collections included those of May, 1933, from lake 
no. 1 and those of July from lake no. 1. The specific gravity of the water 
was measured at 26® C. The pH was determined by means of a quin- 
hydrone electrode. Concentration of dissolved substances was obtained by 
evaporation and drying at 100° C. The osmotic pressure was determined 
by measurement of the freezing point with a Beckmann thermometer. Ash 
analyses were made, using the methods of the Official Association of Agri- 
cultural Chemists, for Mg, Na, K, Ca, Pe and Al, SO4, Cl, PO4, and NOj. 
No analyses were made for sulphide or sulphite, although traces of sulphide 
were undoubtedly present. 

The plant material was washed thoroughly with tap water, dried at 
63° C., and the moisture content determined. 

The soluble portion of the plant was extracted by boiling and expressing 
the sap by pressure. The sample was weighed, distilled water was added 
and boiled, and the sap was pressed out. Then the whole extract was 
evaporated to the volume of the original sap as determined by weight of 
the original sample and weight of the insoluble material. Measurements 
were then made of the specific gravity, pH, and osmotic pressure of the sap. 
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Determinations were made for soluble sugars in the sap by the Shaffer- 
Hartmann method and for protein N by the Kjeldahl method. Ash analyses 
were made on both the sap and the insoluble residue for Mg, Fe and Al, 
Na, K, Ca, Cl, SO,, PO,, and NO 3 . 

As it was thought possible that arsenic might be found in some of the 
lakes, qualitative analyses were made for it using Marshes test. No traces 
were found in any of the five samples analyzed. 

In addition to these data, some observations were made on the growth 
of Buppia and of Artemia from the May, 1933, collections in different cul- 
ture solutions. The solutions were made up as follows; lake water, from 
the May, 1933, collection from lake no. 1; equal parts of lake water and 
distilled water ; two-thirds lake water and one-third 2 per cent. MgClg solu- 
tion ; one-third lake water and two-thirds 2 per cent. MgClg solution ; Knop’s 
solution; and Knop’s solution with additional MgClg to bring the osmotic 
pressure up to that of the lake water. About a quart of each solution was 
placed in a 2-quart glass jar and a few plants of Buppia were placed in 
each. Records were made of the vigor of the plants as well as this could 
be determined by observation. 

Three specimens of Artemia, a small amount of algal material from 
lake no. 1 , and some culture solution were placed in each of a group of 
small beakers, and observations were made of the behavior of the crustacean. 
The culture solutions were as follows ; lake water, from the May collection 
of 1933; one-half lake water and one-half 4 per cent. MgClg solution; 
2 per cent. MgClg solution ; 4 per cent. MgClg solution ; 12 per cent. MgCls 
solution; distilled water; and 22 per cent, solution of salts obtained from 
evaporation of the water collected in May, 1931. 

Data 

Analyses of the water samples for NH 3 showed traces in the water. Data 
accumulated in measurements and analyses of the samples of water and of 
plant material are listed in tables I to IX. 

Figures obtained for the moisture content of the plants were ; May col- 
lection, 92.2 per cent. ; July collection, 90.8 per cent. 

The cultures of Buppia showed varying results. None of the plants 
remained alive after 45 days. Death at that time was probably due to their 
being placed in rather narrow-mouthed jars with no special care taken to 
provide for aeration. Those in Knopfs solution were the first to succumb, 
being dead and decomposing within 15 days. Those in Knopfs solution and 
MgClg with an osmotic pressure equal to that of the lake water survived 
only a few days longer than the plants in Knop’s solution alone. The plants 
in two-thirds lake water and one-third 2 per cent. MgClg behaved much the 
same as those in one-third lake water and two-thirds 2 per cent. MgCl^ 
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TABLE I 

Water collbotb® prom lake no. 1, May, 1981. Approximate concentration, 26%; 
SPECIFIC GRAVITY AT 23® C., 1.21 ; OSMOTIC PRESSURE, 68.0387 ATM. ; pH, 7.4 



Ash analysis 


Grams per 

LITER 

Mols per 

LITER 

Equivalents 

PER LITER 

Total 
mol conc. 

P.P.M. 

Mg 

gm, 

36.6145 

1.5055 

3.0110 

% 

40.1 

30250 

Na 

8.60 


0.3739 

9.96 

7100 

K 

1.6651 


0.0426 

1.13 

1380 

Ca 

0.0912 


.0046 

0.06 

75 

Fe and A1 

Trace 





Total 

46.9708 

1.9243 

3.4321 

51.25 

38805 

SO* 

169.7694 

1.7684 

3.5368 

47.16 

140305 

Cl 

1.935 


0.0546 

1.45 

1600 

NO, 

0.1429 


0.0023 

0.06 

120 

PO* 

0.0131 


0.0003 


10 

Total 

171.8604 

1.8254 

3.5940 

48.67 

142035 


Total molar concentration, 3.7497 mols per liter. 


TABLE II 

Water collected from lake no. 1, May, 1933. Approximate concentration, 1.6%; 
SPECIFIC GRAVITY AT 26® C., 1.012; OSMOTIC PRESSURE, 3.797 ATM.; pH, 8.4 



Ash analysis 


Grams per 

Mols per 

Equivalents 

Total 

P.P.M. 


LITER 

LITER 

PER liter 

MOL conc. 


gm. 



% 


Mg . . 

2.1207 

0.0872 

0.1744 

38.98 

2100 

Na 

0.6161 

0.0268 

0.0268 

11.98 

610 

K 

0.0981 

0.0025 

0.0025 

1.12 

97 

Ca 

0.0084 

0.0002 

0.0004 

0.08 

8 

Fe and A1 . 

Trace 





Total 

2.8433 

0.1167 


52.16 

2815 

SO* 

9.6902 


0.2018 

45.10 

9575 

a 




2.59 

200 

NO, 




0.08 

15 

PO* 






Total 

9.9121 

0.1069 

0.2078 

47.77 

9790 


Total molar concentration, 0.2236 mols per liter. 
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TABLE III 

Water collected from lake no. 1, July, 1933. Approximate concentration, 6%; 
SPECIFIC OBAVITY AT 26® C., 1.045; OSMOTIC PRESSURE, 12.28 ATM.; pH, ABOVE 8.6 



Ash ANALYSIS 


Grams per 

Mols per 

Equivalents 

Total 

P.P.M. 


LITER 

LITER 

PER LITER 

MOL CONC. ' 

1 


gm. 



% 


Mg 

10.3767 

0.4266 


39.89 

HIGB 

Na 

2.3050 



9.37 

mgm 

K 

0.4557 



HSh 

mBM 

Ca 

0.0027 

0.0001 



3 

Fe and A1 

Trace 





Total . . , 

13.1391 

0.5385 

0.9652 

50.35 

12573 

SO, . 

49.4723 

0.5153 

1.0306 

48.18 

47340 

Cl 

0.544 

0.0153 

0.0153 

1.43 

520 

NO, 

0.0196 

0.0003 

0.0003 

0.03 

20 

PO, . 

0.0026 




2 

Total 

50.0385 

0.5309 

1.0462 

49.64 

47882 


Total molar concentration, 1.0694 mols per liter. 


TABLE IV 

Water collected from lake no. 2, July, 1933. Approximate concentration, 48%; 
SPECIFIC GRAVITY AT 26® C., 1.380; OSMOTIC PRESSURE,* 125.80 ATM.; PH, 7,28 



Ash analysis 


Grams pee 
LITER 

Mols per 

LITER 

Equivalents 

PER LITER 

Total 
mol CONC. 

P.P.M. 

Mg 

gm, 

46.565 

1.9146 

3.8292 

% 

24.45 


Na 

51.5239 

2.2402 

2.2402 

28.61 


K .. .. 

11.3754 

0.2909 

0.2909 

3.71 

8240 

Ca 

Fe and A1 

0.0009 





Total 

109.4652 

4.4457 

6.3603 

56.77 

79310 

SO . 

314.15 

3.2724 

6.5448 

41.79 

227644 

Cl 

3.42 

0.1123 

0.1123 

1.43 

2480 

NO, 


0.0001 

0.0001 


3 

PO, 

0.0247 

0.0003 

0.0009 


18 

Total 

317.5994 

3.3851 

6.6581 

43.22 

230145 


Total molar concentration, 7.8308 mola per liter. 


* To measure the freezing point depression it was found necessary to dilute the water 
to one<fourth the original concentration. The pressure given is calculated on that basis 
and is somewhat high. 
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TABLE V 

Water collected prom lake no. 3, July, 1933. Approximate concentration, 2.4%; 
SPECIFIC gravity AT 26® C., 1.020; OSMOTIC PRESSURE, 6.606 ATM.; pH, ABOVE 8.5 



Ash analysis 


Grams per 

Mols per | 

Equivalents 

Total 

P.P.M. 


LITER 

LITER 

PER liter 

1 

MOL CONC. 


gm. 



% 


lig 

2.8152 

0.1158 

0.2316 

32.53 

2760 

Na . . 

1.312 

0.0570 

0.0570 

16.01 

1290 

K .. . 

0.7704 

0.0197 

0.0197 

5.53 

755 

Ca 

0.0124 

0.0031 

0.0062 

0.87 

12 

Fe and A1 

Trace 





Total 

4.9100 

0.1956 

0.3145 

54.94 

4817 

SO 4 

14.6053 

0.1503 

0.3006 

42.22 

14320 

Cl 

0.3472 

0.0098 

0.0098 

2.75 

340 

NO, 

0.0106 

0.0002 

0.0002 

0.05 

10 

PO 4 

0.0128 

0.0001 

0.0003 

0.03 

12 

Total 

~ “T4'.97^ 

0.1604 

0.3109 

45.05 

14682 


Total molar concentration, 0.3560 mols per liter. 


TABLE VI 

Plant sap prom collection of May, 1933, lake no. 1. Specipic gravity at 26® C., 
1.020; SOLUBLE sugars, 1.109 MG. GLUCOSE PER CC. ; OSMOTIC PRESSURE, 

6.637 ATM.; pH, 6.12; SOLUBLE protein NITROGEN, 0.27% 



Ash analysis 


Grams per 

Mols per 

Equivalents 

Total 

P.P.M. 


liter 

liter 

per liter 

MOL CONC. 


gm. 



% 


Mg 

1.876 

0.0771 

0.1542 

31.40 

1840 

Na 

0.4746 

0.0206 

0.0206 

8.39 

465 

K 

0.2800 

0.0072 

0.0072 

2.93 

275 

Ca . . 

0.3494 

0.0087 

0.0174 

3.54 

340 

Fe and A1 

Trace 





Total 

2.9800 

0.1136 

0.1994 

46.26 

2920 

SO* . 

6.693 

0.0697 

0.1394 

28.39 

6560 

Cl 

1.595 

0.045 

0.045 

18.33 

1560 

NO, 

0.9876 

0.016 ! 

0.016 

6.51 

970 


0.1135 

i 

0.0012 

0.0036 

0.48 

110 

Total 

9.3891 

0.1319 

0.2040 

53.71 

j 9200 


Total molar concentration, 0.2455 mols per liter. 
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TABLE VII 

Insoluble plant material tbom collection ov May, 1933, lake no. 1 



Ash analysis 

Grams PER 100 GRAMS DRIED 
INSOLUBLE RESIDUE 

Insoluble material 


gm. 

% 

Mg 

1.8404 

1.84 

Na 

0.3600 

0.36 

K 

0.2124 

0.21 

Ca 

1.1369 

1.14 

Fe and A1 

Trace 


Total 

3.5497 

3.55 

SO 4 

2.36 

2.36 

Cl 

0.6588 

0.66 

NO, i 

0.7088 

0.71 

PO, 

0.0011 


Total 

3.7287 

3.73 


TABLE VIII 

Plant sap from collection of July, 1933, lake no. 1. Specific gravity at 26® C., 
1.025 ; SOLUBLE SUGARS, 3 .06 MG. GLITCOSE PER CC. J OSMOTIC PRESSURE, 9.755 ATM. ; 
SOLUBLE PROTEIN NITROGEN, 0.51% 



Ash ANALYSIS 


Grams per 
liter 

MOLS PER 
LITER 

Equivalents 

PER LITER 

Total 

MOL CONC. 

P.P.M. 

Mg 

gm, 

2.936 

0.1207 

0.2414 

% 

27.48 

2865 

Na 

1.2668 

0.0551 

0.0551 

12.54 

1235 

K 

0.8817 

0.0225 

0.0225 

5,12 

860 

Ca 

0.4237 

0.0106 

0.0212 

2.41 

415 

Fe and A1 

None 





Total 

6.5082 

0.2089 

0.3402 

47.55 

5375 

SO 4 

15.120 

0,1575 

0.3150 

, 35.86 

14750 

Cl .. . . 

2.0409 

0.0576 

0.0576 

13.11 

1990 

NO, 

0.5128 

0.0054 

0.0054 

1.22 

600 

po. 

0.9356 

0.0098 

0.0294 

2.23 

910 

Total . ... 

i 

18.6093 

0.2303 

0.4074 

52.42 

18150 


Total molar concentration, 0.4392 mole per liter. 
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TABLE IX 

Insoluble plant material prom collection of July, 1933, lake no. 1 



Ash analysis 


Grams per 100 grams dried 
insoluble residue 

Insoluble material 


gm. 

% 

Mg ... . 

0.619 

0.62 

Na . . , , 

0.8108 

0.81 

K 

0.4783 

0.48 

Ca 

Fe and A1 . . 

0.6151 

0.62 

Total . .. 

2.5232 

2.53 

SO, 

5.845 

5.84 

Cl 

0.1093 

0.11 

NO, 

0.3544 

0.35 

PO, 

0.6128 

0.62 

Total 

6.9215 

6.92 


solution, showing a slight browning and a lessening in oxygen given off 
within two days. Death was gradual, however. The brown color increased 
slowly and at the end of 40 days some of the plants were still green. Like- 
wise, little difference was shown between the plants grown in normal lake 
water and those grown in half lake water and half distilled water. These 
groups survived the best, being apparently healthy at the end of 16 days. 
By the end of 40 days they were showing some brown color, although some- 
what less than the others, and shortly after they were also dead. It is 
interesting to note that a heavy growth of algae took place in the jars upon 
death of the Buppia. No attempt was made to identify these, but the jars 
which contained Knop ’s solution and no lake water showed what appeared 
to be primarily a Chlorophycean growth, while those with the lake water 
appeared to have a Myxophycean growth. 

Ariemia was much quicker in responding to differences of environment. 
Those allowed to remain in lake water were not affected, being alive and 
showing no evidence of sluggishness at the end of 15 days, when the observa- 
tions were discontinued. Those in half lake water and half 4 per cent. 
MgClg solution were less affected than most of the others. At the end of 
24 hours they were somewhat sluggish but recovered from this and survived 
for some days. At the end of six days one had died, and in four days 
more all were dead. The specimens placed in 22 per cent, salt from lake 
no. 1 survived for four days, when two died. The remaining one lived two 
days longer. Distilled water was the most unfavorable medium. Two of 
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the specimens were dead within five hours ; the remaining one was sluggish 
and died within another three hours. Those in 2 per cent. MgClg solution 
survived slightly better but were slow in movement at the end of eight 
hours and dead within 24 hours. Two of the Artemia in 4 per cent. MgCla 
solution died within five hours; the other, although not active, was alive 
at the end of 24 hours but died a few hours later. Those in 12 per cent. 
MgClg did not succumb until nearly 48 hours had passed. Those of the 
organisms which had died in solutions containing no MgClg lost the 
red color but remained colorless after death. Those in the solutions con- 
taining MgClg not only lost the red pigment upon dying but turned black. 
The black color appeared first along the mid part of the dorsal side and 
gradually spread out through the rest of the crustacean. 

Analysis of data and conclusions 

Comparison of the samples collected from lake no. 1 (tables I, II, III) 
shows variation in concentration from 1.6 to 26 per cent, at different 
seasons. Buppia maritima is able to grow well under these concentrations, 
although the most luxuriant vegetative growth was at the lower concentra- 
tion. The fact that the Buppia had already produced seeds in May, 1931, 
when the concentration was very high, while the plant was flowering in 
May, 1933, at a concentration of slightly more than 1.5 per cent., indicates 
that fruiting is more dependent upon concentration than upon the season. 
The increase in concentration from 1.5 per cent, in May to 6 per cent, in 
July was accompanied by the development of the seeds to maturity. The 
algal growth, particularly of blue-green algae, was more abundant in the 
solutions of greater concentration. 

Comparison of the salt contents of the three collections shows only small 
variations in the relative proportions of ions present. The Mg content is 
almost constant while that of the SO 4 , although somewhat higher than the 
Mg, is only slightly more variable. These total between 84 and 88 per cent, 
of the total salt analyzed. While the K content remains practically the 
same for the two May collections and drops slightly for the July sample, 
the Na and Cl are both slightly greater for the dilute waters of the May, 
1933, sample. Ca, at all times scant in amount, drops in the July collection. 
NO 3 behaves much as Ca ; and Fe, Al, and PO 4 are at all times negligible 
in amount. 

Table IV shows the analysis of lake no. 2. Here the concentration has 
reached the saturation point, so that, even on the hot July day when the 
collection was made, crystallization of salts had partially covered the water 
with a layer of salt. In this lake Ca, Fe, Al, NO^, and PO 4 are practically 
lacking. The amount of Cl is about the same as that in tables I and III. 
Although the amount of SO 4 is somewhat less than that in lake no. 1 , the 
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greatest difference lies in the amounts of Mg, Na, and K. The Mg content 
is about three-fifths that of lake no. 1 while the Na is almost three times 
as great. And the K is slightly more than three times as great as in lake no. 
1 . As lake no. 2 showed no organic life except the unidentified alga, 
the failure of plant life to grow there, when it is abundant in lake no. 1 , 
might be due to the extreme concentration of total salt, to the lack of the 
essential Ca, PO 4 , NOg, and Fe, or to the greater proportion of K and Na 
in the solution. 

The analyses of the third lake are given in table V. The concentration 
(2.4 per cent.) is less than in either of the other lakes in July, although 
greater than lake no. 1 in May, 1933. There are traces of Fe and Al. 
NO3, PO4, and Ca especially are more abundant than in lake no. 1. SO4 
is present in nearly the same amount (42.22 per cent.) as in lake no. 2. 
The proportions of Mg, Na, and K are again different. There is about 
four-fifths as much Mg as in lake no. 1 in July, somewhat less than twice 
as much Na, and about five times as much K. With comparisons of the 
actual amounts in the water from lake no. 1 in May, 1933, and lake no. 3 
(which are not greatly different in concentration), it is seen that slightly 
more Mg and much more Na and K are present in lake no. 3. The amounts 
are nevertheless much smaller in either of these samples than in the water 
of lake no. 1 in May, 1931, or July, 1933, when plants were growing abun- 
dantly. Comparison of the three lakes suggests that the toxicity of lakes 
2 and 3 to plant life lies neither in the high concentration nor in the lack 
of Ca, NO3, and PO4, but rather in the relatively high proportion of Na 
and K in the total salt content. 

This conclusion is supported by the distribution of plant life in Great 
Salt Lake, as reported by Flowers (8). The plant life of the lake is 
entirely algal, although the concentration reaches no greater value than that 
of the magnesium sulphate lake no. 1 described here. The chief constituent, 
however, is NaCl rather than MgS 04 . The growth of Buppia in less con- 
centrated bays of Great Salt Lake shows that concentration of NaCl is 
evidently the limiting factor. 

Tables VI and VIT show the results of analyses on the soluble sap and 
the insoluble residue of the plant material collected in May, 1933. Tables 
VIII and IX show the results of analyses of the July collection. These 
show a high content of both Mg and SO4. This may be ^ue in part to 
failure to remove all of the external Mg 804 in washing preparatory to 
extracting the sap, but the content is high in the July collection as well 
as the May. As the former was washed even more thoroughly than the 
latter, the amount of salt due to external MgS 04 is probably not great. 

Comparison of the sap of Buppia from the May collection with the July 
collection shows a slight decrease of soluble sugars and an increase of soluble 



mceat: salt tolerance 


439 


protein nitrogen. The total molar concentration of the salts for which 
analyses were made has increased from 0.2455 to 0.4392 mols per liter. 
Tables VI and VIII show the actual amount of salt to have increased during 
the period from May to July in all cases except that of NOg. This loss of NOg 
is probably due to the increase in protein nitrogen. The relative molar 
concentrations have changed considerably. There is a decrease in the Mg 
and Ca and an increase of Na and K. Likewise the SO 4 and PO 4 have 
increased, the latter greatly, while the Cl and NO* have decreased. 

Selective absorption of ions by the plant is shown by the concentrations 
of different ions in the plant sap and the water in which it is growing. 
Tables II and VI give these values for the May samples. Mg and SO 4 are 
high in both, showing the plant able to tolerate these internally, but the 
amount is greater in the water than in the sap. The water contains 2.1207 
gm. of Mg and 9.6902 gm. of SO 4 per liter while the sap contains 1.876 gm. 
of Mg and 6.693 gm. of SO 4 per liter. The water contains 0.6161 gm. of 
Na per liter w'hile the sap contains 0.4746 gm. per liter. The remainder of 
the ions, especially Ca, NOg, and PO4, are more abundant in the plant sap 
than in the w'ater. While there are 0.0981 gm. per liter of K and 0.2070 
gm. per liter of Cl in the water, the sap contains 0.2800 gm. of K and 1.595 
gm. of Cl. The water contains 0.0084 gm. and the sap contains 0.3494 gm. 
of Ca per liter; the water contains 0.0142 gm. and the sap 0.9876 gm. of 
NOg per liter; the water contains 0.0007 gm. and the sap 0.1135 gm. of 
PO 4 per liter. 

Similar results are shown by comparison of the sap of the July collection 
and the water (tables III, VIII), although the concentrations are greater 
in both sap and water than in the May material. The water contains 
10.3757 gm. of Mg. 49.4723 gm. of SO4, and 2.3050 gm. of Na per liter 
while the plant contains 2.936 gm. of Mg, 15.120 gm. of SO4, and 1.2668 gm. 
of Na per liter. As in the May material, the other ions are more abundant 
in the plant than in the water. The water contains 0.4557 gm. of K, 0.0027 
gm. of Ca, 0.544 gm. of Cl, 0.0196 gm. of NOg, and 0.0026 gm. of PO4 while 
the plant sap contains 0.8817 gm. of K, 0.4237 gm. of Ca, 2.0409 gm. of Cl, 
0.5128 gm. of NOg, and 0.9356 gm. of PO4. There has been considerable 
change in the ratios of material in the plant to material in the water from 
those shown in the^May material. While the ratios of K, of Cl, and of NO, 
in the sap to that in the water have decreased from May to July, the ratios 
of Ca and of PO4 in the sap to that in the water have increased greatly. 

The contents of both plant sap and water may be compared with those 
of plants growing in sea water and in pond water. Osterhout (26) reports 
the concentration of Valonia and of the sea water in which it grows. His 
results, converted from parts per thousand to parts per million for pur- 
poses of comparison, are given in table X. 
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TABLE X 



CONC. IN SEA WATER 

CONC. IN CELI SAP 


p.p.w. 

p.p.m. 

Mg .. - 

1310 

Trace 

Na 

10900 

2100 

K 

500 

20100 

Ca 

450 

700 

SO 4 

3300 

5 

01 

19600 

21200 


With regard to the water, the difference lies chiefly in high NaCl in 
the sea water and high MgS04 in the lakes. The plant sap analyses are 
interesting. Valonia excludes Mg and SO4 almost entirely and allows little 
Na to enter, although the concentration is high in the water. Cl and Ca 
are absorbed in somewhat greater concentration, and K is many times more 
concentrated than in the water. 

In Ruppia the sap shows many times as much PO4, NO3, Ca, and K 
as the water. Cl is likewise selectively absorbed by the plant and Na is 
excluded to some extent. Unlike Valonia, Ruppia is able to tolerate Mg 
and SO4 in large quantities, allowing a greater amount of these than any 
of the other ions to enter. Hoagland and Davis (9) made analyses of 
Nitella clavata which was growing in pond w^ater (table XT). 

TABLE XI 


Weight 



Water 

Cell sap 


p.p.w. 

p.p.m. 

Mg 

41 

430 

Na 

5 

230 

K .. . 

Trace 

2120 

Ca 

31 

410 

SO4 . .. 

31 

800 

Cl 

32 

3220 

NO 3 . 

34 

0 

PO, 

0.4 

350 


In this case the amounts of Mg, SO4, and Cl are not greatly different 
from one another and approximate the amounts of Ca and NO3 in the 
water. Na is small in amount. The greatest difference from the water of 
lake no. 1 is in the much smaller concentration of total salts. While some 
Mg and SO4 have been taken up by NiteUa, the amount is much less than 
that tolerated by Ruppia, while the amounts of K and Cl are much greater. 
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Determinations of the pH of the five samples of lake water show aU of 
them to be alkaline, three of them being 8.4 or above. Apparently the pH 
of the lakes has little influence on plant growth, as one of the lower readings 
(7.4) was obtained from the May, 1931, collection from lake no. 1 where 
plants were abundant, and the other (7.28) from the highly concentrated 
water of lake no. 2 where very little life was found. 

Osmotic concentration determinations show the water samples to vary 
from 3.797 atmospheres in lake no. 1 in May, 1933, to nearly 125 atmospheres 
in lake no. 2 in July, 1933. In July the osmotic pressure of lake no. 1 was 
12.28 atmospheres. The osmotic concentration of lake no. 1 in May of 1931, 
the most concentrated sample in which Buppia was growing, was 58.0387 
atmospheres. 

The plant sap determined in May, 1933, had an osmotic concenl ration 
equal to 6.637 atmospheres, or 2.84 atmospheres more than the water sur- 
rounding it. By July the concentration of the plant sap had increased to 
9.755 atmospheres. In the meantime, however, the concentration of the water 
had increased until the equivalent osmotic pressure was 12.28 atmospheres, 
or 2.525 atmospheres above that of the plant. It was not possible to deter- 
mine, from the collections made, the stage of development of plants of Bup- 
pia when the osmotic pressures shifted to make the external greater than the 
internal pressure. 

The responses of Buppia and Artemia to different culture conditions 
indicate that SO 4 is necessary when Mg is present, as the substitution of 
Cl for SO 4 resulted in rather quick death for Artemia and somewhat slower 
death for Buppia. Distilled water was quickly fatal for Artemia; and 
Knop’s solution, a satisfactory culture solution for most plants, caused or 
allowed Buppia to die within a rather short period. Apparently these 
organisms are growing in unusual conditions, not only because they survive 
where other plants and animals cannot but also because they themselves 
require unusual conditions for growth. It is of interest, in connection 
with the study of Artemia in different culture solutions, to review the work 
of Boone and Baas-Becking (1). They report KCl as being very toxic 
to Artemia salina although the adult Artemia survives in solutions of 
MgClj, CaClj, HCl, and NaCl. Only NaCl and NaBr solutions are found 
to cause normal ecdysis, even the chlorides of Ca and Mg being toxic after 
a few days. 

The range of concentrations reported as being suitable for life in 
Artemia is 0 to 3.5 mols. Boone and Baas-Becking (1) state that increas- 
ing Mg content of the brine is probably a factor in the disappearance of 
Artemia. These conclusions agree with those arrived at by growing Artemia 
in so far as the eventual toxicity of MgCl, is concerned. However, in view 
of the fact that Artemia was growing in the water collected in May, 1931, 
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which had a concentration of not less than 3.75 mols, of which 40 per cent, 
was Mg, it seems necessary to extend the range of suitable concentrations 
somewhat and to look for some factor other than the increase of Mg as 
cause for the disappearance of Artemia. 

The halophyte Buppia maritima presents an example of a plant growing 
directly in water but under conditions of great ‘‘physiological dryness,’’ 
as the concentration of salts in the water produces osmotic pressure of 58 
atmospheres or moi^e without causing the death of the plant. Buppia is 
able to increase the internal osmotic pressure, by utilization of salts from 
the water surrounding it, to greater values than the external pressure. 
At some stage between the external pressures of 3.797 and 12.28 atmos- 
pheres, the internal osmotic pressure of Buppia fails to increase as rapidly 
as the external pressure, resulting in greater external than internal pres- 
sure. Further study might show this shift of balance in external and 
internal pressures to coincide with maturation of the seeds and cessation of 
vegetative growth in Buppia. 

Buppia is unusual in being able to tolerate magnesium sulphate in high 
concentrations. The percentage of Mg and SO4 in the water surrounding 
Buppia was 84 to 88 per cent, of the total salt content. The plant does not 
exclude either Mg or SO4. On the contrary, both are found in the plant 
sap in greater proportionate amounts than any other ions for which analyses 
were made, although not in so great concentration, compared with other ions, 
as in the water. 

Buppia maritima^ although able to develop successfully in lakes of high 
magnesium sulphate content, does not tolerate high concentration of NaCl. 
It does not grow in Great Salt Lake, where the concentration is comparable 
with that of lake no. 1 but where the chief constituent is NaCl. Buppia is 
likewise not found in either of two lakes near lake no. 1, one of which 
shows very high concentration and the other low concentration but both 
of which have relatively more Na and K. Na is evidently much more toxic 
to Buppia than is Mg. Cultures of Buppia in MgClg solutions indicate the 
necessity of SO4 with Mg, suggesting an antagonism of SO4 and Mg ions. 

Summary 

1. Collections were made from a lake supporting Buppia in May, 1931, 
May, 1933, and July, 1933. 

2. At the time of the first collection, the concentration of the lake water 
was about 26 per cent., the pH was 7,4, the specific gravity was 1.21 at 
23® C., and the osmotic equivalent was 58.0387 atmospheres. Buppia was 
abundant, there was a heavy growth of blue-green and green algae, and the 
crustacean Artemia salina was abundant. The banks of the lake were dry, 
crystalline, and white on top with black mud underlying. Collections were 
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made of the water and of the mud. Upon drying, this mud appeared white 
and crystalline like the layer above. 

3. At the time of the second collection, May, 1933, after a rainy season, 
the concentration of the lake was about 1.6 per cent., the pH was 8.4, the 
specific gravity was 1.012 at 26° C., and the osmotic pressure was 3.797 
atmospheres. Buppia showed a heavy vegetative growth and was fiowering. 
Artemia was abundant, but fewer algae were found than at other visits. 
The banks were gray and dull in appearance. Collections were made of 
water, of Buppia, and of Artemia, 

4. At the time of the third collection, July, 1933, after dry weather, the 
concentration was about 6 per cent., the pH was above 8.5, the specific 
gravity was 1.045 at 26° C., and the osmotic pressure was 12.28 atmospheres. 
Algae, Artemia, and seed-bearing Buppia were abundant. The banks were 
white and crystalline in appearance. Collections were made of Buppia and 
of water. 

5. Collections of water were made at the other two lakes in July, 1933. 
The concentration of one lake was about 48 per cent., the pH was 7.28, the 
specific gravity was 1.380 at 26° C., and the osmotic pressure was about 
125 atmospheres. The lake had been reduced by evaporation to many small 
round pools with salt crystallized on top, and the lake bed was white and 
crystalline with black mud under the surface layer. The concentration of 
the other lake was about 2.4 per cent., the pH was above 8.5, the specific 
gravity was 1.020 at 26° C., and the osmotic pressure was 6.506 atmospheres. 

6. Sap from plants of the May collection showed a specific gravity of 
1.020 at 26° C. and an osmotic pressure of 6.637 atmospheres; from the 
July collection, a specific gravity of 1.025 at 26° C. and an osmotic pres- 
sure of 9.755 atmospheres. 

7. Quantitative analyses were made for Mg, Na, K, Ca, Fe and Al, 
SO4, Cl, PO4, and NO3 in the sap and insoluble material of the plant col- 
lections and in each of the five w^ater samples. Analyses were made of the 
water samples for NH,, showing traces present, and for As, showing no 
trace of any present. 

8. The analyses show 40 per cent, of the total molar concentration of 
the salt in the lake supporting Buppia to be due to Mg; 45 to 48 per cent, 
to be due to SO4 ; and 9 to 11 per cent, to be due to Na. 

9. The pH is apparently not a factor in plant distribution in these 
lakes. 

10. Buppia is able to tolerate Mg and SO4 in high concentrations inter- 
nally as well as externally, evidently using these in developing its own 
osmotic pressure. 

11. The limiting factor in the development of Buppia in lakes not sup- 
porting it is evidently a greater proportion of Na2S04. 
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12. Cultures of Artemia and Buppia indicate that MgClg cannot replace 
MgSO,. 

13. Time of flowering and seed development of Buppia are evidently 
influenced by the concentration of the lake in which it grows. 

14. Buppia was growing in external osmotic pressures of 3.797 atmos- 
pheres with an internal pressure of 6.637 atmospheres, and 12.28 atmos- 
pheres with an internal pressure of 9.755 atmospheres. 

The writer wishes to thank Dr. Harry F. Clements for suggestion of the 
problem, for assistance in collection of material, and for helpful criticism 
throughout the course of the work. 

State College of Washington 
Pullman, Washington 
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PHYSIOLOGICAL HOLE OP ASPARAGINE AND RELATED SUB- 
STANCES IN NITROGEN METABOLISM OF PLANTS* 

A. ]£. Mtr&KXEK 

Historical and theoretical retrospect 

Asparagine, the amide of amino succinic acid, COOH • CHiNHa • CHj • 
CONH 2 , seems to have been found in asparagus over one hundred years 
ago ( 60 ) and so named soon thereafter. Mothes ( 14 ) credits Habtiq 
(1858) as having extracted this substance from seedlings and isolated it 
for the first time in crystalline form. He thought that asparagine was a 
translocation product of nitrogen in young plant tissues. Boussingattlt 
(2), however, assigned to it a different function by expressing the belief 
that there is an analogy between asparagine and urea in nitrogen metab- 
olism, both being amides and end products of protein degradation. But 
urea is excreted from the animal organism, while asparagine is not elimi- 
nated from plants. In presence of light, it is reutilized for the 
synthesis of proteins. These hypotheses of Hartig and Boussingauet are 
still both supported and contended. 

After extensive microchemical studies on the presence and absence of 
asparagine in all parts of a large number of plants, Ppeppeb (1872) at- 
tempted to unite the two opposing views by concluding that: (1) Protein 
degradation in plants, because of formation of asparagine, differs from 
that in animals and from results obtained in vitro. (2) Asparagine is 
the primary, not the end product of protein breakdown and should be 
considered also a storage form of nitrogen. (3) Judging from its presence 
and solubility, it is the main translocation product of nitrogenous sub- 
stances. It moves to growing regions, where it combines with carbohy- 
drates (glucose) to form proteins. (Of interest in this respect is the fact 
that Chibnall ( 4 ) still seems to agree with Pfeffeb that asparagine is 
the chief form in which nitrogen is translocated in plants). 

Schulze ( 36 , 37 , 38 , 39 , 42 , 43 , 44 , 45 ) for 30 years studied many 
phases of nitrogen metabolism in plants, with particular reference to aspara- 
gine, by physiological and chemical means. While he was unsuccessful in 
demonstrating an in vivo and in vitro parallelism of protein hydrolysis and 
asparagine accumulation, he did show definitely that under normal condi- 
tions asparagine is produced from proteins and not from inorganic nitrogen 
sources. But through further studies, largely with seedlings of legumes, 

1 Presented before the American Society of Plant Physiologists at the Symposium 
on Nitrogen Metabolism of Plants, Boston, December 30, 1933. 

Contribution from the Department of Horticulture, Missouri Agricultural Experi- 
ment Station, Journal Series no. 401. 
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Schulze and later his coworkers (primarily Prianischnikov and associates) 
supplied evidence in support of the hypothesis that asparagine may be 
formed readily from ammonia and organic acids. 

Schulze found that during early stages of germination and growth of 
seedlings, cotyledons contain only primary products of protein hydrolysis, 
the amino acids (leucine, tyrosine, etc.). During later development of the 
plant, amino acids disappear from the cotyledons and asparagine accumu- 
lates in large amounts in the shoots. Therefore asparagine does not seem 
to be produced directly from proteins,^ but results from breaking down 
of the amino acids. 

Through his own extensive investigations and those of many coworkers, 
Prianischnikov (20-31) seems to have established the analogy between 
asparagine and urea in nitrogen metabolism. Moreover, he has demon- 
strated that asparagine may be synthesized directly in seedlings from 
substances within the plant and an external supply of ammonia or carbo- 
hydrates or both. 

As a result of the preceding and many other studies, the following 
theoretical considerations seem to have become popular (27, 6, 14,) : 

When, in comparison with carbohydrates, there is an excess of 
ammonia, or proteins are not required by the plant because of shortage 
of carbohydrates, then through hydrolysis of proteins by means of 
proteolytic enzymes amino acids are formed. Some of these (especially 
mono-amino acids) are oxidized and amino (NH^) groups are released. 
Asparagine, which contains two NHg groups, is formed from two mole- 
cules of amino acids. One of these is oxidized to aspartic acid, the other 
much further with splitting off of ammonia. A union of aspartic acid 
with ammonia forms ammonium aspartate, from which, through dehy- 
dration, asparagine is produced in the same manner as in the animal 
organism urea is formed from carbamate of ammonia. When a plant 
is supplied with abundance of ammonia, asparagine may be formed from 
one molecule of an amino acid or even from an organic acid (malic, 
succinic, etc.). If there is need for nitrogen, asparagine will be broken 
down, NHg released, and the rest of the molecule may be oxidized to 
COg. Asparagine, therefore, has a dual function: removal of the 
injurious NHg, and storage of N. 

In some plants, or under some conditions in most plants, not only 
asparagine but glutamine, the amide of amino-glutaric acid (41), argi- 
2 There is the possibility, of course, that asparagine may exist as such in the protein 
molecule, as is suggested by Schulze, Osborn, and Butkewitsch. In acid hydrolysis 
of proteins the amide group is saponified, giving aspartic or glutamic acids; but when 
proteins are acted upon by proteolytic enzymes, the amides appear unaltered. In many 
instances, however, the quantity obtained from seedlings is entirely too large to be 
accounted for on this basis. 
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nine, guanidine-amino-valerianic acid ( 39 , 40 ), allantoin^ or allantoic 
acid ( 1 ), urea, CO(NH2)2(10), and possibly other substances may serve 
as receptors of NH,. Organic acids (malic, succinic, oxalic) likewise 
may take care of ammonia by forming ammonium salts, which seem to 
be a characteristic feature of very acid plants. 

When plants have an ample supply of carbohydrates (sugars) the 
process is reversed. Ammonia is released from any of the receptors 
and is used in the synthesis of amino acids, proteins, and other complex 
nitrogenous products. 


Experimental evidence 

No attempt, of course, is made here to present all the important evidence 
bearing on the subject under discussion. Only some of the typical results 
of investigations on certain parts of the major phases of the problem will be 
recounted. Those desiring to secure more complete information will 
naturally turn to the extensive literature in this field. 

1. Nitrogen metabolism of seedlings 
Changes in nitrogenous substances in the germinating seeds and seed- 
lings have been thoroughly investigated by Schulze, Prianischnikov, and 
others. This has involved a study of the breakdown of proteins in the 
cotyledons and regeneration of nitrogen compounds in the developing stem 
and leaves. A conspicuous feature, often emphasized in these studies, is 
the abundance of asparagine in the seedlings of legumes, especially when 
grown in darkness. It is evident from Schulze and other work ( 4 ) that 
with increased development of the plant there is a decrease in protein con- 
centration and a concomitant increase in asparagine and mono-amino acids 
(table I). But since the amino acid fraction decreases when the seedlings 


TABLE I 

Nitrogen metabolism in legume seedlings (Schulze) 


Age of seedlings 

IN DAYS 

Protein 

Asparagine 

Other N (mostly 
MONO- amino acids) 


% 1 

% 

% 

6 . . 

5.49 

1.16 

1.72 

12 

1.71 

4.02 

2.39 

24 

1.78 

5.09 

1.40 


nh-chnh,conh, 




» Allantoin, CO 




H-CO 


, a diaride of glyoxalic acid. 
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are of considerable age, while at the same time there is a proportional 
increase in asparagine and no further decrease in proteins, it appears that 
asparagine may have come from the amino acid fraction. These plants, of 
course, had no external supply of nitrogen. 

Similar results have been obtained not only with several legumes but 
also with other seedlings by many workers. Asparagine accumulates like- 
wise in onion bulbs, asparagus roots, and similar plant structures when they 
are sprouted in darkness (54, 18, 32). 

The converse of this process takes place when, for instance, seedlings 
are grown in light and proteins are sjmthesized in presence of suflRcient 
amount of carbohydrates, or in case of development of bulbs, whose sugar 
content is usually high (54, 56). In general, the higher the amount of 
soluble carbohydrates in the seeds, bulbs, or roots, the less protein will be 
broken dowm owing to respiration, when growth is resumed, and there wull 
be relatively little fluctuation in asparagine concentration. 

Most oil-containing seeds produce upon germination glutamine (41) 
instead of asparagine, but the general nitrogen transformations seem to be 
the same. In some plant seedlings other substances than acid amides 
appear to play a similar role, as will be noted further on. 

2. Nitrogen metabolism in leaves 

Several investigators have demonstrated that asparagine and its homo- 
logue, glutamine, perform the same function in nitrogen metabolism of 
leaves as in developing seedlings. In young rapidly grooving leaves, both 
amides may be used in synthesis of proteins (44) . In full}" developed leaves 
proteins are formed during the day and may be broken down and removed 
in soluble forms of N to other parts of the plant. Chibnall (4, 5), for 
example, has demonstrated that asparagine disappears from the leaves of 
the bean plant at night and that it comes largely from hydrolysis of pro- 
teins. In fruit-bearing plants nitrogen may be translocated in this form 
to the fruit or seed pods whence eventually it wull go into the seeds (44, 
46, 63). 

Alterations in nitrogen content of starved or senescent leaves supply 
additional evidence of the role of acid amides in plant metabolism. The 
results secured by Miyachi are presented here (table II). They show that 
when leaves are starved there is a rapid breakdown of proteins and a strik- 
ing increase in asparagine and other amides. Similarly, Vickery (52) has 
found that during the curing of tobacco leaves, with increasing loss of 
amino-N there is a more or less corresponding gain in amide-N (table III). 
He thinks that such change may be due to the oxidation of amino acids, 
the formation of ammonia, and subsequent synthesis of amides. As a 
result of these changes, ammonia was maintained at a relatively low level. 
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TABLE II 

Amide production in starved leaves op peony (Miyachi) 

Nitrogen 

Fresh leaves 

Leaves starved 

15 DAYS 


% 

% 

Total • • 

1.364 

1.462 

Protein 

1.312 

0.801 

Asparagine 

0.037 

0.206 

Other amides . . . 

1 

0.015 

0.455 


Percentage op total N 

Protein 

96.19 

54.79 

Asparagine . . 

2.71 

14.09 

Other amides 

1.10 

31.12 


The formation of amides, therefore, should be considered as a ‘‘defensive 
mechanism ’ ’ for the detoxication of NH 3 , which comes into operation when 
there is a rapid destruction of proteins and accumulation of NH 3 , or when 
there is an excessive reduction of NO 3 to NH 3 . 

Probably the most extensive and complete studies of nitrogen changes 
in leaves have been conducted by Mothes (14, 15). After investigating a 
series of plants that had been subjected to various environments and experi- 
mental treatments, he draws the following conclusion: When leaves are 
exposed to light or are fed with glucose in darkness, no amides are formed 
and even the original amount disappears by being used in synthesis of 
proteins. But when the carbohydrate content of the leaves is reduced to 
a low point, as a result of long exposure to darkness, then amides are pro- 
duced promptly and eventually ammonia appears. Oxygen seems to be a 

TABLE III 

Changes in amino acids and amides in curing tobacco leaves (Vickery) 


Time 

Amino~N loss 

Amidb~N gain 

hr. 

gm. 

gm. 

41 

0.020 

-0,005 

64 

0.015 

-0.017 

87 

0.370 

0.019 

Ill 

0.007 

0.018 

159 

0,110 

0.278 

183 

0.395 

0.318 

207 

0.290 

0.449 

231 

0.515 

0.546 

279 

0.820 

0.835 

303 - 

0.290 

0.446 
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limiting factor in amide formation. Without its presence, neither amides 
nor ammonia will be produced even in leaves of a low carbohydrate content, 
but there will be an increase of amino, basic, and other (^^rest-N”) nitrogen 
fractions. 

Oxidation of the products of hydrolysis of proteins takes place in leaves 
when there is a shortage of carbohydrates, the final end product being 
ammonia. In presence of some carbohydrates, ammonia is ‘‘neutralized’^ 
by being used for the formation of asparagine, in which form NH 3 is 
“stored.” Whether produced within the plant or supplied from an ex- 
ternal source, asparagine will remain as such unless carbohydrates become 
available, when it enters promptly into synthesis of proteins. So, too, 
when ammonium salts are fed to leaves high in carbohydrates, proteins 
will be formed quickly; when carbohydrates are short, asparagine will be 
produced; and when carbohydrates are absent, ammonia will accumulate 
in the cells until poisoning of the leaves occurs. In this respect, ammonia 
supplied from without behaves physiologically the same as NHg released 
within the plant. When leaves with ample carbohydrate supply are 
exposed to narcotics, no amides and often no ammonia will be produced. 

These conclusions are in striking agreement with the results of other 
investigators, as the succeeding discussion will show. Mothes seems to 
have verified with mature plants most of the evidence obtained with 
seedlings. 


3. Some factors affecting asparagine formation 

While the procedure and mechanism of accumulation and disappearance 
of asparagine and related substances in plant metabolism are not yet under- 
stood in all their details, we know that several factors seem to affect them. 
Some of these will be discussed briefly. 

a. Importance of oxidation. — ^Proteins may be decomposed in plants 
with or without the presence of oxygen, the usual hydrolysis products 
being the amino acids (19). In the presence of oxygen, however, aspara- 
gine (or glutamine) often appears as the main soluble N substance. With 
further oxidation it is broken down to NHg. That oxidation is really 
essential for the production of amides and ammonia has been demonstrated, 
among others, by Susuki (49) with barley (table IV) and soy beans, and 
by Btjtkewitsch (3) with lupine (table V). Susuki found not only an 
increase in asparagine when seedlings were developed in darkness in pres- 
ence of oxygen, but also a marked decrease of amino acids. This has been 
corroborated by Wassilieff ( 68 ). Without a supply of oxygen, amides 
are not formed and amino acids accumulate. With further oxidation and 
absence of carbohydrates, ammonia is produced in large quantities owing 
to the breakdown (oxidation) of asparagine (table V). Sure and Totting- 
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TABLE IV 

Effect of O2 on asparagine formation in barley seedlings (Susuki) 



1 

Dry matter 

Per 100 
SEEDLINGS 


% 

gm . 

At beginning of experiment 

6.59 

0.1427 

After 45 hours in darkness with O 2 .... 

8.85 

0.1818 

After 45 hours in darkness without 0, 

7.16 

0.1336 


TABLE V 

Effect of O2 on formation of ammonia and amidb-N in germinating seeds of 
lupine (Butkewitsch) 


Nitrogen 

Per 100 seedlings 

Without 0* 

With 0, 


mg . 

mg . 

Ammonia 

19.38 

170.60 

Amide 

171.36 

139.48 

Ammonia and amide 

190.74 

310.08 


HAM ( 47 ) have shown also that in the shoots of pea seedlings there is a 
simultaneous decrease of a-amino acids and ammonia, which indicates that 
“a-amino acids serve for amide production in the nitrogen metabolism of 
the etiolated pea plant/’ 

b. Effects of anaesthetics. — Since the time when Claude Bernard 
(1878) demonstrated that anaesthetics inhibit anabolism but permit cata- 
bolism, various experiments have been performed to show their effects on 
N metabolism in plants. Butkewitsch (3), for example, exposed seedlings 
to fumes of toluol with the result that no asparagine was formed but instead 
large amounts of NH., accumulated, up to 14 per cent, of total N. This 
suggests that asparagine arises not as a result of tearing down but through 
a building up or synthetic process. 

c. Effects op presence of carbohydrates. — It has already been noted 
that with extreme carbohydrate deficiency the carbon structure of the 
asparagine molecule is broken down (oxidized) and NHg accumulates. 
Synthesis of asparagine may be effected by means of an external supply 
of glucose, as table VI shows. An artificial supply of sugar will not only 
diminish the accumulation of NH, but will result in a marked increase of 
amides (asparagine) ( 3 , 46 ), which eventually will lead to the formation 
of proteins ( 49 , 46 ). Several investigators have found that asparagine 
disappears when seedlings, grown in darkness, are supplied with sugar 
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TABLE VI 

ErrECT OF GLUCOSE ON AMMONIA AND AMIDB-N CONCENTRATION IN SEEDLINGS OF 
LUPINE (BUTKEWITSCH) 


Nitrogen 

Without glucose 

With glucose 


% 

% 

Ammonia 

1S.57 

9.37 

Amide 

15.17 

23.10 


( 48 , 46 ). Contrariwise, an abundance of sugar prevents asparagine forma- 
tion from proteins, but under the right conditions it does not interfere 
with and may even stimulate the synthesis of this amide. 

One may conclude with Prianischnikov ( 26 ), therefore, that with car- 
bohydrate shortage, proteins will be hydrolyzed and there will be formed 
amino acids of the general formula R(NHj,)COOH, which, through 
oxidation and secondary synthesis, produce acid amides of the general 
formula R(NH2)CONH2 (asparagine and glutamine), and, in case of 
carbohydrate starvation, give, through further oxidation, NH3. But when 
the carbohydrate supply is abundant, whatever its source, then the reverse 
process takes place. From NHg to acid amides (R(NH2)CONH2), which, 
with additional supply of carbohydrates, give rise to amino acids (R(NH2)- 
COOH), and these in turn synthesize proteins. 

The frequently observed results of formation of asparagine in light 
and not in darkness are due not to the direct effect of light but to the 
presence of carbohydrates in light, as was demonstrated by Prianischnikov 
( 28 ), who gives the schematic summary shown in table VII. 

d. Synthesis of asparagine from ammonium salts. — One of the crucial 
experiments in the determination whether asparagine originates directly 
from breakdown of proteins or comes from the synthesis of NHg with other 
oxidation products of proteins, is through feeding plants in various states 
of carbohydrate deficiency with ammonium salts. 


TABLE VII 

Carbohydrate and light relationships in the formation of asparagine and 
AMMONIA (Prianischnikov) 


Expfjumental conditions 


Besults 


Carbohydrates 


Light 


Asparagine Ammonia 

synthesis injury 
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Ever since Susuki (48), Hansteen (7), and Zaleski (56) demonstrated 
that proteins may be formed from various nitrogenous substances supplied 
to the plants, much work has been done with the object of determining 
to what extent and under what circumstances asparagine is synthesized 
from N constituents of nutrient solutions. Thus Pbunischnikov (24, 25, 
26, 29) and others (48, 46) have shown that by supplying salts of nitrogen 
to certain seedlings their asparagine content is markedly increased. For 
this purpose ammonia is a better source of N than the nitrates, when the 
physiological acidity of ammonium salts is neutralized by a base (CaCOa, 
etc. ) (48,26). The legumes in particular seem to require Ca to neutralize 
the acid reaction of NH^Cl and (NH 4 ) 2 S 04 , which appear to inhibit the 
formation of asparagine (table VIII). Barley and corn seedlings, high 


TABLE VIII 

BeSULTS or FEEDING VETCH SEEDLINGS WITH AMMONIUM SALTS WITH AND WITHOUT 
CALCIUM (PrIANISCHNIKOV) 


Amount N in 100 

SEEDLINGS 

Distilled HjO 

NH 4 CI 

NH^a + CaCO, 


mg. 

mg. 

mg. 

Protein N 

85 

109 

90 

Asparagine N 

75.9 

73.9 

118.2 

Ammonia N 

0.9 

0.9 

1.0 


in carbohydrates, will absorb NH 3 from these salts equally well either 
with or without the presence of calcium. But when carbohydrates are 
exhausted (darkness) in corn or barley seedlings, they will behave like 
legumes. And legumes can be put, by various methods, into a physiological 
state similar to that of cereal seedlings (table IX.) 


TABLE IX 

Relation or nitrogen to carbohydrates in various types of seedlings 

( PrIANISCHNIKOV) 


Gramineae 

Starch containing | 

Lupine 

legumes 

1:6 . .. 

1: 2.0 -2.5 

1: 0.6 


The importance of Ca ions in this respect is not clearly understood, 
for this ion increases even the utilization of N from nitrates (26). Veiy 
likely calcium has something to do with the carbohydrate metabolism. It 
of course neutralizes to some extent the acidity of the nutrient medium, 
since cations (NH4) are absorbed faster than anions. Prunischnikov 
thinks that Ca ions increase respiration and hydrolysis of proteins. 
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Lupine seedlings with very small carbohydrate reserves are unable to 
assimilate N from either NH^Cl or (NHJaSO^, even in presence of Ca 
salts. But when exposed to light or fed glucose, they will utilize N under 
the above conditions. Similarly barley seedlings, after prolonged growth 
in darkness and loss of all starch reserves, are incapable of assimilating 
nitrogen. When in this state they behave like lupine seedlings. Carbo- 
hydrates and the essential internal environmental factors, therefore, are 
necessary for the synthesis of asparagine from inorganic nitrogen. 

e. Synthesis op aspaeagine prom NHg and organic acids. — Because of 
the similarity in chemical structure between some of the organic acids and 
acid amides, it has long been suspected that they may be interrelated. 
Moreover, evidence has accumulated in support of the view that organic 
acids are produced when proteins are broken down (12, 34, 36), although 
very likely they may be formed also from sugars (14). Malic and succinic 
acids seem to be the two that, in presence of ammonia, participate readily 
in the synthesis of asparagine. By feeding corn seedlings ammonium sul- 
phate and ammonium salts of organic acids, Smirnov (46) was able to 
demonstrate that both malic and succinic acids enter into the synthesis of 
asparagine (table X), and that, in presence of glucose, eventually proteins 
accumulate (table XI). 


TABLE X 

Besults of feeding corn seedlings ammonia with and without organic acids 

(Smirnov) 


Form of ammonia 

Percentage of total N 

Protein N 

Ammonia N 

Asparagine N 

Amino acid N 


% 

% 

% 

% 

(NHO, SO, . ! 

66.62 

4.19 

13.34 

15.85 

Ammonium malate . 

58.42 

3.87 

19.30 

18.41 

Ammonium succinate 

63.57 

3.33 

16.16 

16.94 


TABLE XI 

Protein synthesis in corn from asparagine in presence of glucose (Smirnov) 


Percentage of total N 



Protein N 

Ammonia N 

Asparagine N 


% 

% 


(NH.).SO. 

66.79 

4.4 


Ammonium sueeinate 

67.75 

4.2 


Ammonium aspartate ... , 

70.25 

4.5 
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Many investigators (Peianischnikov etc.) conceive the path of forma- 
tion of asparagine from malic acid through aspartic acid and ammonium 
aspartate (table XII). 

TABLE XII 

Analogy between asparagine and urea 
Probable formation of asparagine in plants: 


COOH 

COOH 

COOH 

COOH 

1 

CHOH 

1 

j 

CHNH^ 

1 

CHNH, 

j 

CHNH, 

1 

CH, 

~^CH., 

CH, 

CH* 

j 

COOH 

1 

COOH 

j 

COONH 4 

CONH 2 

malic acid 

animals : 

aspartic acid ammonium aspartate 

asparagine 

HOCOOH — 

».NH,COOH ». 

NH^COONH^ > 

NH 2 CONH 2 

carbonic acid 

form-amino acid 

ammonium 

urea 


carbamate 


Based on Kobinson^s (33) ideas, Vickery and Pucker (52) present 
an additional plan, which shows the connection between asparagine and 
a-keto and hydroxy acids (table XIII). They state that ‘‘this purely hypo- 
thetical scheme involves, however, only reactions of known biological sig- 
nificance.’^ 

TABLE XIII 

Robinson's scheme showing connection between asparagine and O’Keto and 
HYDROXY acids (VICKERY AND PuCHER) 

CH^COOH 

I 

CHOHCOOH 

malic 




458 


pi:4ANt physiology 


Another more direct proof that ammonium salts of organic acids, 
although participating in the synthesis of proteins, are not so easily assimi- 
lated as asparagine, comes from experiments of feeding plants with these 
substances. Nakamura (16, 17), for instance, found that both phanero- 
gams and fungi utilize more readily asparagine than ammonium succinate 
from a weak nutrient solution. By feeding asparagine to leaves of high 
carbohydrate content, Prianischnikov and Smirnov were able to demon- 
strate protein synthesis. When carbohydrates were absent, asparagine 
remained intact in the leaves. This has been corroborated by Nakamura 
with barley seedlings. Hence there seems to be considerable proof in 
support of the above path of utilization of asparagine in protein formation. 

f. Organic acids as direct receptors of ammonia. — ^Kecently Ruhland 
and Wetzel (34, 36) have shown that in some highly acid plants {Oxalis, 
Begonia y Rheum) oxalic acid takes care of ammonia by forming ammonium 
oxalate and possibly ammonium salts of other acids. Amides are not 
present in any appreciable quantities in these plants, excepting in the 
older leaves, which are less acid. In Rheum both amides and organic am- 
monium salts may serve as receptors of NHg in various organs of the same 
plant, depending on their relative acidity. They conclude, therefore, that 
amides are formed in less acid plants (or tissues) and organic salts of 
ammonia in more acid ones. 

There is much information on record showing a connection between 
organic acids and protein transformation. Malic, tartaric, citric, and other 
acids may come either from amino acids or from intermediary products 
of protein disintegration. But a strongly oxidized acid, like oxalic, can 
be derived from sugars as well as proteins. 

Continuing Ruhland and Wetzel investigations, Kultzscher (13) 
found that very acid plants (pH <5.00) are able to store large quantities 
of excess nitrogen in the form of ammonium salts of organic acids. Their 
function is not merely a case of neutralization of NHg but also of storage 
of N. In deamination of amino acids not only NHg is released but also 
acids are formed, which then more or less automatically take care of each 
other by forming ammonium salts. 

According to Kultzscher, it would seem that an equilibrium exists 
between amides and ammonia. In plants relatively high in actual (pH) 
and potential acidity, the equilibrium is shifted to the NHg side and am- 
monium salts are formed through the union of NHg with organic acids. 
The fact is emphasized by Kultzscher that highly acid plants are char- 
acterized by an active deamination process. 

Ammonium salts of oxalic and other organic acids will take care of 
proportionally larger quantities of NHg than asparagine does, but urea of 
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still more, and guanidine, C-NHg, most of all the compounds so far 

found in plants. The ratios of carbon to nitrogen in various substances 
that may act as receptors of nitrogen are presented in table XIV. 

TABLE XIV 

BaTIO or CAEBON TO NITROOEN IN VARIOUS ORGANIC SUBSTANCES WHICH MAY ACT AS 
NITROGEN RECEPTORS IN PLANTS 


C ; N 


Glutamine ...... 

2.5 

1 

Asparagine ... ... 

2 

1 

Ammonium malute or tartrate or succinate or citrate . . 

2 

1 

Arginine ... 

1.5 

1 

Ammonium oxalate 

1 

1 

Allantoin 

1 

1 

Urea .... 

1 

2 

Guanidine ... 

1 

.3 


g. Formation op urea and other means op removing NH3. — Many 
fungi are capable of forming and even absorbing from without large quan- 
tities of urea, CO(NH2)2. but as a rule do not excrete it. According to 
IwANov (8) some fungi (Lycoperdon, Bovista) may accumulate half of 
the total N as urea (up to 11 per cent, of dry weight). Fungi will absorb 
urea and thiourea from weak solutions of these substances and store it up 
to 15 per cent, of their dry weight (9). 

Urea in plants may come also from the breaking down of arginine, 
HoN NH2 

\ H / 

C - N - CH^ CH, CHa ■ CH COOH which itself may act as an NH3 

/ 

HN 

receptor. Ammonia is split off easily from arginine by the enzyme arginase 
(11). Arginine is supposed to have the same function in conifers as aspara- 
gine in other plants. 

Whatever its source, urea seems to accumulate in some plants in absence 
of carbohydrates (10), and since it is used up in certain stages of the 
development of the organism, it should be considered as a storage form 
of N, and therefore analogous to asparagine and glutamine in its physio- 
logical function. Moreover, urea may be changed to asparagine. Accord- 
ing to SusuKi (48) and Prianischnikov (25), it is frequently a better 
nutrient form of N than ammonium salts for the formation of asparagine. 
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Prom the preceding discussion it is apparent that there are at the 
disposal of plants various means of removing and neutralizing NHg. The 
mechanism set into operation in each instance may possibly depend upon 
several factors, of which the most important seems to be the carbohydrate 
content of the plant as a whole or of specific organs, the hydrogen ion 
concentration and the source (meaning the rest of the molecule) from 
which NHg comes. Doubtless many environmental factors also play a role 
in this respect. Still one must be mindful of the fact that under extreme 
conditions of carbohydrate depletion, nitrogen may be excreted from the 
plant through the roots in the form of ammonia (30, 31). 

A generalized scheme of nitrogen metabolism in plants, modified after 
Engel (6), is presented in table XV. 

TABLE XV 

Scheme of N metabolism in higher plants (modified after Engel) 



4. Analogy between asparagine in plants and urea 
IN PLANTS and ANIMALS 

Both amides, asparagine and urea, do not seem to be the direct products 
of protein hydrolysis but arise from secondary synthesis with NHg as the 
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key ion, which most often comes from oxidation of amino acids. Both 
amides may be synthesized in plants when NHg is introduced into the 
organism, with this difference between the two, that for synthesis of aspara- 
gine a part of the unoxidized carbohydrate molecule is necessary while for 
formation of urea NHg and COg are suflBcient (table XII). The physio- 
logical function of both processes appears to be the neutralization and 
storage of NHg, which seems to be toxic to living organisms. 

The analogy between plants and animals in this respect is that neither 
of them can synthesize the respective amides from ammonium salts of 
strong acids, but more neutral salts of ammonia will lead to such synthesis. 

There is a great difference, however, in respect to the further metabolic 
role of the two amides. Urea is excreted from animals. They do not need 
to be so economical with N, for its intake through feeds is more or less 
assured and there is no caloric value in COg, the carbon part of the mole- 
cule. Asparagine, on the other hand, remains in the cells of plants as a 
reserve substance of N, which, with renewed supply of carbohydrates, can 
be used again for the production of amino acids and other components of 
proteins. 
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University of Missouri 
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From the preceding discussion it is apparent that there are at the 
disposal of plants various means of removing and neutralizing NHg. The 
mechanism set into operation in each instance may possibly depend upon 
several factors, of which the most important seems to be the carbohydrate 
content of the plant as a whole or of specific organs, the hydrogen ion 
concentration and the source (meaning the rest of the molecule) from 
which NHj comes. Doubtless many environmental factors also play a role 
in this respect. Still one must be mindful of the fact that under extreme 
conditions of carbohydrate depletion, nitrogen may be excreted from the 
plant through the roots in the form of ammonia ( 30 , 31 ). 

A generalized scheme of nitrogen metabolism in plants, modified after 
Engel (6), is presented in table XV. 

TABLE XV 

Scheme op N metabolism in higher plants (modified apter Engel) 



4. Analogy between asparagine in plants and urea 

IN PLANTS AND ANIMALS 

Both amides, asparagine and urea, do not seem to be the direct products 
of protein hydrolysis but arise from secondary synthesis with NHg as the 
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key ion, which most often comes from oxidatibn of amino acids. Both 
amides may be synthesized in plants when NH 3 is introduced into the 
organism, with this difference between the two, that for synthesis of aspara- 
gine a part of the unoxidized carbohydrate molecule is necessary while for 
formation of urea NHg and COg are sufficient (table XII). The physio- 
logical function of both processes appears to be the neutralization and 
storage of NHg, which seems to be toxic to living organisms. 

The analogy between plants and animals in this respect is that neither 
of them can synthesize the respective amides from ammonium salts of 
strong acids, but more neutral salts of ammonia will lead to such synthesis. 

There is a great difference, however, in respect to the further metabolic 
role of tlie two amides. Urea is excreted from animals. They do not need 
to be so economical with N, for its intake through feeds is more or less 
assured and there is no caloric value in COg, the carbon part of the mole- 
cule. Asparagine, on the other hand, remains in the cells of plants as a 
reserve substance of N, w^hich, with renewed supply of carbohydrates, can 
be used again for the production of amino acids and other components of 
proteins. 

College or Agriculture 
University of Missouri 
Columbia, Missouri 
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FACTORS INFLUENCING THE GROWTH AND YIELD OF 
POTATOES IN FLORIDA 

M. B. Ensign 
(with nine figures) 

Introduction 

It is common knowledge that the early Irish potato crop in Florida 
shows wide fluctuations in yields from year to year; plantings made at 
various times during any one year also show as erratic variations. It is 
the consensus of opinion among Hastings and LaCrosse growers that the 
plantings made after the middle of January have usually produced larger 
average yields than those planted prior to that time. At present, the time 
of planting in the Hastings area^ begins about the first part of December 
and extends to the first week in February. Plantings at LaCrosse usually 
do not begin prior to January 10. 

A series of time-of -planting tests was begun in 1927 and continued until 
the harvesting of the 1931 crop. The object of these experiments was to 
determine, if possible, some of the factors influencing the growth and yield 
of potatoes. 

Review of literature 

The literature dealing with potato experiments shows that rainfall (soil 
moisture) and temperature exert considerable influence upon growth and 
yield. The irrigation experiments of Widtsoe (8, 9, 10) and Harris (4, 
5) of Utah were especially significant since similar results were obtained 
from repetitions extending over two 5-year intervals. Their results showed 
that the middle period of growth, about the time of blossoming and tuber 
setting, was the most sensitive to moisture variations as reflected by the 
yield ; if but one irrigation was given during the growing season, the best 
results were obtained when this was applied during the middle period of 
growth. Smith (7) obtained similar results when he compared the rain- 
fall with the potato yields in Ohio over a 50-year period. He too found 
a 30--40-day period about the time of blossoming to be the most sensitive to 
water requirements. 

The work of Bushnell (1) showed that as temperatures rose above 68® F. 
(20® C.) the yield of potatoes decreased, and when grown at a temperature 
of 86® F. practically no tubers were formed, since respiration was so rapid 
as to consume the food as soon as it was manufactured. Hardenburg (3) 

1 Federal Point is included in the Hastings area, and the earliest plantings begin 
there, since it enjoys some frost protection on account of its proximity to the St. Johns 
Eiver. 
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grew potatoes in two greenhouses, in one of which he maintained an ap- 
proximate temperature of 60® F. while the other was operated at a tempera- 
ture 8® higher. The larger yield was produced at the lower temperature. 

Numerous other investigations corroborate these essential facts, namely : 
(1) soil moisture, measured in inches of rainfall or acre inches of irriga- 
tion, plays an important part in the growth and yield of potatoes, and 
yields are most noticeably influenced by variations in available water dur- 
ing the middle period of growth; (2) temperatures above 68® P. during the 
growing period restrict the yield of potatoes. 

Methods of experimentation 

The time-of-planting tests were begun on January 10, 1927, and con- 
tinued for five consecutive years. Plantings were made only at LaCrosse 
the first year; at Hastings, as well as LaCrosse, the second year; and at 
Hastings only the last three years. The tests at LaCrosse were discontinued 
after 1928 because of wide soil variations and because of the presence of a 
soiLborne disease, Rhizoctonia, that interfered with the interpretation of 
results. 

Plantings were made at weekly intervals the first two years, beginning 
January 10 and ending February 20. It then became evident that the 
planting range should be extended to include two other periods, mid- 
December and January 1. These dates were therefore included in the 
planting schedule of the last three years of the experiment. 

The prevailing soil type on which the tests were conducted both at 
LaCrosse and Hastings is commonly called flatwoods, and is classified as 
Bladen, consisting of a sandy loam with a clay subsoil 12-18 inches below 
the surface which tends to insure a fairly satisfactory and constant soil 
moisture content. The water saturation point of these soils was slightly 
above 22 per cent.; the wilting point about 1 per cent., based upon oven 
dryness of samples from the first foot of soil; the average pH was 4.78. 
The fields used for the tests had been almost continuously cropped to pota- 
toes for ten years, with corn and cowpeas or peanuts as summer crops. 

A ready-mixed fertilizer made up of 5 per cent, available nitrogen, 7 
per cent, phosphoric acid, and 5 per cent, potash was distributed at the rate 
of 2000 pounds per acre in the drill two weeks prior to planting each lot 
of seed. 

Only Maine certified seed of the Spaulding Rose variety was used, the 
same source being adhered to in all the plots each year. The seed was cut 
by hand the day prior to planting and the pieces were made as uniform in 
size as practicable, averaging about 1.5 oz. each. Copper lime dust was 
applied at 7-10-day intervals after the plants were 4-6 inches high, to com- 
bat disease. Late Blight was the most serious disease in the Hastings area. 
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although Early Blight was not altogether absent. Bhizocionia and Early 
Blight were prevalent in the LaCrosse section in certain years. Such dis- 
eases are very disturbing in time-of-planting tests, since blight epidemics 
spread readily from older to younger plantings in adjoining plots in spite 
of vigorous control measures. Notations were made of the time of initial 
infection, the progressive spread and the relative damage to foliage of the 
potatoes of each planting, and these factors were given due consideration 
in the final interpretation of results, but no correction of data was 
attempted. 

Continuous thermographic soil temperature records were made during 
the growing season at the depth of the seed-piece (approximately 2.5 inches 
deep at Hastings and somewhat deeper at LaCrosse). Soil moisture deter- 
minations were made at weekly intervals during the growing period from 
each plot by taking composite samples with a soil tube to a depth of 1 foot, 
measured from the top of the ridge. The percentage of soil moisture was 
computed on an oven-dry basis. 

The time of harvesting each planting was determined, to some extent, 
by the weather and by the farmer-cooperator. In general, from 90 to 100 
days were allowed from planting date to harvest. Individual hill records 
were taken of 75 to 150 hills from a number of replications. There were 
8-12 replications per planting. These records included total number and 
weight of tubers per hill, number of I’s and 2^8, and their respective 
weights. The remaining hills of each replication were combined so that 
total weights and total number of tubers were secured for each replication. 
The yield in barrels* per acre of United States grade no. I’s, or prime 
tubers, is used in this study as a measure of the most effective time of plant- 
ing. The relative yield of prime potatoes per acre is governed by the num- 
ber of sucli tubers per hill and by their size or weight. Some consideration 
has also been given to the yield of no. 2’s, even though any planting having 
a large proportion of this grade of tubers may be regarded as having been 
produced under unfavorable environmental conditions. 

Weights of tubers were recorded to the nearest gram, using a wire basket 
as a container, which facilitated shaking out any loose dirt prior to weigh- 
ing. In most cases the tubers from the sandy soil were relatively clean 
when dug, although it was necessary to wash some of them. 

In converting the yield in grams per plot to barrels per acre, a constant 
number of hills per acre, 10,700, was assumed, based upon rows 40 inches 
apart and hills spaced 14.5 inches in the row. Then by the use of a con- 
stant derived from the fraction in the formula, Y x g barrels per 

acre, comparable results throughout the tests were assured. In this for- 

2 A barrel contains 11 pecks or 165 pounds of potatoes. 
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Average probable error for all plantings = ± 0.74 barrel per 
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mala Y represents the yield in grams per plot of area A, while 74,844 is the 
number of grams in a barrel of potatoes weighing 165 pounds net. 

Experimental results 

I. Yields op no. I’s and no. 2’s 

The yields of United States grade no. 1 potatoes in barrels per acre are 
shown in table 1 for the various plantings at LaCrosse and Hastings during 
the 5-year period from 1927 to 1931 inclusive. 

Table I shows two facts of particular interest: (1) The wide variation 
in yield of no. 1 ’s secured from plantings on the same date* but in different 
years; and (2) the uniformity of the mean yield over a considerable part 
of the planting season tested. Maximum yields were not secured twice for 
any one planting date. In 1928, the February 4 planting was best, while 
the largest yields came from the January 21, December 15, and January 1 
plantings in the succe.ssive years. Furthermore, the growing conditions in 
1928 were favorable throughout the whole planting range* as compared with 



Fia. 1. Comparison of mean monthly temperature and rainfall prevailing at Hastings 
during the growing seasons of 1927-28 and 1929-30. The former was characterized by 
large and the latter by small yields. The weather conditions obtaining during February 
of these years were not essentially different, but the wide divergences for the other months, 
especially that of March, should be noted. 

^ It was impractical to plant on exactly the same date each year but the variation 
was not more than three days, so that the nearest average date of planting is shown in 
the tables and graphs. 

* Early commercial plantings in the same fields with the experimental plots produced 
good yields. 
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those prevailing in 1929-30. These facts indicate that certain climatic fac- 
tors in specific years are not only more conducive to high yields (fig. 1), 
but that at certain times during the normal growing period of each year 
there are more favorable relations than at others. The relatively dry cold 
January and the dry warm March of 1928 seem to be significant as related 
to high yields of prime tubers. A comparison of other high and low yield- 
ing years confirms this relationship. 

The production of a large percentage of no. 2 potatoes is undesirable 
since strong competition on the markets has made it increasingly difficult 
to sell this grade of tubers advantageously. For this reason the yield data 
contained in table II are interesting. 

Table II shows that one-fourth to one-third of the total weight of tubers 
produced during the 5-year period were no. 2’s, and that as a rule the 
larger proportion of this grade was secured from the latest plantings. 
This was especially noticeable in the last three plantings in the season of 
1928-29. There are two explanations for this condition: (1) Late Blight 
often killed immature vines, thus arresting the growth of tubers that would 
otherwise have become no. I’s; and (2) the later plantings were harvested 
from 78 to 90 days after planting in contrast to 100 to 110 days for the 
earlier plantings. The large proportion of culls (no. 3^s and 4’s) in many 
of the plantings should also be noted, for these represent waste as a general 
rule. The highest percentage of no. 1 % as well as the largest yields, were 
secured on the average from the January 15 and January 21 plantings. 

II. Effects of rainfall and soil moisture on yield and grade of tubers 

A mathematical study of the relationship between yield of no. 1 tubers 
per acre® and rainfall by months during the potato growing season at 
Hastings for a 10-year period shows that relatively dry Marches and wet 
Aprils are conducive to high yields.® The experimental plantings covering 
the 5-year period also confirm this fact. 

To determine the relative importance of soil moisture at any particular 
stage of potato development upon the yield of no. 1 tubers, four stages of 
growth were studied as follows: (1) the period of germination, i.a., from 
the date of planting until a majority of the sprouts were above ground, — 
usually from 20 to 24 days after planting; (2) the period of stolon forma- 
tion, which usually begins in the faster growing hills about the 28th day 

5 Average yield data for the entir# area at Hastings were furnished through the 
courtesy of the Hastings Potato Association. 

® The following correlation coefficients were derived : 

December 0.091 ± 0.18; January -0.231 ± 0.20; February 0.063 ± 0.16; 

March -0.77 ± 0.087 ; April 0.65 ± 0.12 ; entire growing period -0.12 ± 0.20. 

It was also shown that wet Marches have a tendency to be cold, the correlation co- 
efficient being -0.40 ± 0.07. 
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after planting and continues through the 7th week or 50th day in the 
slower-growing plants; (3) the tuber-setting and tuber-growing period, 
which begins immediately after stolon formation and extends until harvest; 
(4) the entire growing period from planting until harvest. 

Repeated observations in the field showed that the interval required for 
stolon formation of any one plant is from 7 to 10 days, and in any planting 
of 200 or more hills the process will reach its maximum about 35 to 40 
days after planting, depending upon the growing conditions. Different 
varieties show some variation in the time of stolon formation; the data 
given are for the Spaulding Rose variety. 

The partial correlation studies noted above indicated a distinct rela- 
tionship between the yield of no. 1 tubers and the percentage of soil mois- 
ture during the period of stolon formation (28-50 days after planting). 
No well defined relationship appeared for the other growth periods noted. 
The yield-moisture relationship is shown in figures 2 and 3 for LaCrosse 
and Hastings respectively, for the season of 1927-28. The average soil 
moisture for the 28th to 50th days after planting was used as a basis of 
comparison w'ith yields from the respective plots. In figure 2 the average 
soil moisture and the respective yields were plotted for each plot in all 
the plantings, while in figure 3 only the averages of all the plots for each 
planting were plotted against the average yield for that planting. 



Fro. 2. Correlation between average soil moisture content daring the stolon forma- 
tion period and yield of no. 1 tubers in barrels per acre at LaCrosse, 1928. The curve 
was derived from a treatment of the data by the method of least squares. Note tendency 
toward an inverse relationship as the soil moisture rises above 12 per cent. 
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Fig. 3. Correlation between average soil raoisture during the stolon formation 
period and yield of no. 1 tubers in barrels per acre at Hastings, 1928. Dotted curve was 
derived from a treatment of the data by the method of least squares, while the solid 
curve represents an interpretation of the data based upon field notes. The latter, like- 
wise, more nearly fits the facts as derived from the other years of the investigation, 
especially with respect to the point of optimum moisture (about 12.5 per cent.). This 
is in reality a continuation of the curve shown in figure 2, showing inverse moisture-yield 
relationship. 

The correlation shown in figure 2 (0.806 dz 0.023) is large and positive ; 
that is, the yield of tubers at LaCrosse increased as the percentage of soil 
moisture increased during the stolon formation period. As the percentage 
of soil moisture went above 12, however, there was a distinct tendency for 
a reduction in yield. 

The soil moisture content is considerably higher in all plots at Hastings 
than at LaCrosse over the same period of time, as a comparison of figures 
2 and 3 will show. The range at LaCrosse was from 7 to 13 per cent., 
while at Hastings it ranged from 11.5 to 15.3 per cent. Therefore the 
correlation (-0.743 db 0.18) shown in figure 3 is seen to be negative in 
contrast to that shown in figure 2; i.e., the yields of prime tubers at 
Hastings decreased as the soil moisture increased during the stolon forma- 
tion period. The most favorable moisture, however, appears to lie near 
12 per cent., the same as at LaCrosse. The variation of this apparent 
optimum from year to year was not marked. In 1928-29 the largest 
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yields were obtained from plots showing approximately 13 per cent, of 
moisture. There is some evidence, although it is not conclusive, to show 
that there is an interrelationship between the mean temperature during 
the stolon formation period and the moisture optimum. It is important to 
note that the peak of the stolon formation period is in March for the 
major plantings at Hastings and LaCrosse. 

III. Effect of temperature on tield and grade op tubers 
A comparison of the soil temperature with that of the air, the latter 
recorded by the United States Weather Bureau field station at Hastings, 
is shown in figure 4, covering the major portion of the potato growing 



Fiq. 4. Phonological relations prevailing daring the potato growing season of 
1930-1931 at Hastings, Florida. Number of days indicated for each planting represents 
time from planting to harvest. Note that frost occurred on six different days, damaging 
the plants of A severely during the stolon formation period, and those of D less seriously 
for the similar stage of growth, resulting in reduction in yield in both instances. The 
low yields for plantings G and H were primarily due to the short growing period subse- 
quent to stolon formation, owing to blight incidence. Note that the soil temperature 
was lower during March and higher during April than corresponding temperature 
of the air. 

season of 1930-31. The mean soil temperature for the period shown was 
62.9° while the mean air temperature was 63.2° F. for the same period. 
It seems important to note that during March the mean soil temperature 
was nearly 3° below the air temperature, while at the end of the season 
during April the soil temperature rose above the air temperature, thus 
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making the two means for the period practically equal. Similar relations 
were found for the other years of this study. 

In figures 5 and 6 are shown the average soil temperatures prevailing 
during the stolon formation period (28-50 days) for the successive plant- 
ings at LaCrosse during 1927-28 and for Hastings 1930-31, respectively, 
as they are related to yields and moisture, together with Bhizoctonia 
prevalence at LaCrosse. These examples are typical. The close coincidence 
of Bhizoctonia prevalence with changes in moisture is particularly 
interesting. 



Fxg. 5. When the temperature range is between 53° and 68® P. there seems to be 
little measurable effect upon potato yields. There is no apparent correlation between 
them. Both the moisture and the Bhizoctonia frequency curves, however, show direct 
correlation with yield. The one exception is noted with the January 16 planting where 
low temperature and high moisture favored the very high Bhizoctonia incidence (91 
per cent.). 

The experiments for the five years indicated that the mean temperature 
plays a relatively less important part in determining yields than does soil 
moisture. Only in two cases was the temperature so cold that germination 
and the initial growth were seriously retarded, namely, the January 15 
planting of 1928 and the January 1 planting of 1931. There i^ some 
evidence in the correlation to show that the high temperatures during dry 
Aprils militate against high yields. 

Temperature indirectly affects yields since diseases such as Bhizoctonia 
and Late Blight thrive best under relatively cool moist conditions, as shown 
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Fig. 6. Temperature effects are apparently of little significance during the period 
of stolon formation as judged by yield. Note that the checks (February 4 planting) 
were grown under the same temperature but under different moisture conditions and 
that the latter factor showed a decided inverse relationship to yield, with the possible 
exception of the December 15 and January 28 plantings. Mean temperature for the 
former period was unusually low, retarding growth visibly. Plantings from January 28 
to February 20 were prematurely diseased by Late Blight. 

by Richards (6) and by oiir own experiments. The eifects of freezing 
temperatures upon the growth and yield of potatoes are given in a separate 
publication. The chief conclusion was that the period of stolon formation 
(28th-50th day after planting) is a critical one, and that w'hen vines are 
frozen to the ground at that stage the yields are reduced more than if 
they are frozen at any other time. It is important, therefore, to know the 
probabilities of the occurrence of freezing w^eather at various stages of 
potato growth in the Hastings and LaCrosse areas. Based upon Weather 
Bureau records of 40 years, the data shown in figures 7 and 8 are at least 
highly suggestive. The coldest weather usually comes during the first two 
decades of January and in the same intervals during February, as shown 
in figure 8. The time of stolon formation (critical period) occurs during 
the first half of February in plantings made prior to January 15-20. When 
the plantings are deferred to the last ten days of January, however, then 
the critical period falls during the milder weather which characterizes the 
latter part of February and the first days of March (fig. 7). This may 
be one reason why the late January plantings, over a long period of years, 
are said by growers to have yielded the largest crop of marketable tubers. 
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Fig. 7. Curve 1 shows freezing frequencies at 10-day intervals expressed in percent- 
age of years during the months of January, February, and March. Two growth curves 
for potatoes are superimposed. Curve 2 represents the distribution of growth stages for 
plantings made about January 1. Curve 3 shows the distribution for plantings made 
about January 20. Dotted portion of curves 2 and 3 represents the time prior to ap- 
pearance of sprouts above-ground. Note how stage II of curve 2 coincides with the 
high frequencies of cold weather the first two decades of February, while the same stage 
in curve 3 coincides with the milder weather the last of February and the first part of 
March. 

When the mean monthly temperatures prevailing during January, 
February, March, and April, respectively, are compared with the yield of 
no. I’s over a 10-year period, some interesting relations are shown.' Cool 
Januaries and warm Marches seem to favor the growth and yield of no. 1 
tubers (fig. 1). There is also an indication that cooler than normal 

7 The correlation coefficients for yields and mean temperature for the months of 
January, February, March, and April are -0.61 ± 0.15, 0.20 ± 0.20, 0.51 ± 0.16, and 
-0.20 ± 0,20 respectively. 
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weather in April increases yield. These facts suggest that our temperature 
curve in Florida is upside down as it relates to yields. As a matter of 
fact, it is almost precisely inverted as compared with the normal tem- 
perature curve for Maine as shown in figure 9. The average temperature 



Fio. 8. Freezing frequencies for January, February, and March at 10-day intervals 
expressed in percentage of years. Subfreezing temperatures have been divided into 
three groups: 32°-80°, 28°-30°, and 26° and below. Note the high frequencies of the 
colder temperatures during the first part of January and the second 10-day period in 
February. The most frequent freezing temperatures for March are between 28° and 30°. 

range during the last two months in Maine should be ideal for starch 
storage according to Bushnell’s findings (1), while in Florida the rate of 
respiration is too high. 


Discussion 

The data show potatoes to be very sensitive to soil moisture variation, 
especially during the period of stolon formation. These findings accord 
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well with those of Widtsoe ( 8 , 9 , 19 ), Harris ( 4 , 6 ), and Smith ( 7 ). In 
an area like Hastings, where irrigation water is easily available, there 
should be no reason why potatoes need suffer for water during this period. 
In fact, the most usual problem would be to prevent too much soil moisture. 
This of course suggests the need for better drainage. The opposite condi- 
tions prevail at LaCrosse where somewhat different soil and subsoil condi- 
tions obtain and where better drainage is facilitated by the greater slope 
of the land. 



Fig. 9. {Smoothed mean daily temperature data covering ten years (1917-1926 in- 
clusive) for Presque Isle, Maine, and Gainesville, Florida, during their respective potato 
growing seasons. Note almost precise inversion of temperature curves. Correlations 
between yield and temi>erature at Hastings indicate that January and April are too 
warm while March is too cold. 

There is an interesting question regarding the possible recurrence of 
high rainfall during March (period of stolon formation). If there are 
cycles, when do they come? In order to answer this question the rainfall 
record of March at Jacksonville since 1872 was submitted for harmonic 
analysis.® Among the cycles disclosed there were two of outstanding 
importance, approximately 10 and 7.5 years respectively. The reality and 
importance of these may be judged by the fact that the series of wet years 
in these cycles yielded an average of 199 and 223 per cent, more rainfall, 
respectively, than the corresponding series of dry Marches. It should be 
remembered that dry Marches were found to foster larger yields at 
Hastings. 

sThe analysis was made through the courtesy of Dayton C. Miller, Case School 
of Applied Science, Cleveland, Ohio. 



ENSIGN: GROWTH AND YIELD OP POTATOES 


481 


The potato is apparently not so sensitive to the temperature variations 
that normally obtain in the Hastings area, — 54® to 65® F. When mean 
monthly temperatures above or below these limits occur there appears a 
noticeable limitation of yield. The inversion of the temperature curve in 
Florida as compared with that in Maine may explain in part the lower 
yields that are common to Florida. 

Summary 

1. There is a considerable latitude admissible in the time of planting 
Irish potatoes in the LaCrosse and Hastings areas^ ranging from mid- 
December to the middle of February, The two-week period extending from 
the middle of January to the first of February gave the largest average 
yields. 

2. The period of stolon formation, extending from about the 28th to 
the 50th day after planting, appears to be a critical one in the development 
of the potato as measured by yield of primes. The peak of this critical 
period is reached about the 35th to the 40th day after planting. 

3. The soil moisture content during the critical period seems to be the 
chief factor involved in determining yields, the optimum soil moisture con- 
tent being about 12 to 13 per cent., based upon oven-dry weights. 

4. In the LaCrosse areas the soil moisture rarely reaches the optimum 
and therefore too little moisture is the limiting factor in production. On 
the other hand, the soil moisture at Hastings is usually well above the 
optimum owing to a more impervious subsoil, so that too much moisture 
is the limiting factor in production there. Better drainage at Hastings 
and a need for irrigation at LaCrosse are indicated. 

5. The month of March seems to be a critical one for the average 
planting, since it approximates the time of stolon formation. For Hastings 
a warm, relatively dry period extending from late February through March 
is favorable to large yields, and vice versa. 

6. Temperature effects seem to be of lesser importance in their influence 
upon yields, although there is evidence to show that the temperatures 
prevailing during January and April are too high while March tempera- 
tures are too low for maximum yields. 

7. March temperatures tend to be below normal when the precipita- 
tion is above normal and both of these factors are inimical to large yields. 

8. There are four periods or cycles in March rainfall of approximately 
30, 15, 10, and 7.5 years respectively. The latter two have recurred over 
the past 60 years so that the wet Marches show 199 and 233 per cent, 
increase of rainfall, respectively, over the corresponding dry years. 

9. When potatoes are planted during the latter half of January the 
critical period of stolon formation follows the period of greatest freezing 
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frequency, and therefore reduces the chance of low yields due to freezing 
injury. 

The writer is indebted to Dr. Dayton C. Miller of the Case School of 
Applied Science, Cleveland, Ohio, for the analysis of the rainfall data 
and to Mr. J. W. Kite of LaCrosse and Mrs. George V. Leonard of Hast- 
ings for the courteous and able assistance given in the cultural practices and 
for the use of the land upon which the tests were conducted. 

Flobiiu Agricttltitbal Experiment Station 
Gainesville, Florida 
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CHANGES IN NITROGEN COMPOUNDS IN THE WHEAT GRAIN 
AT DIFFERENT STAGES OF DEVELOPMENT^ 

Gxobqx L. Teller 
(with two figures) 

Introduction 

Marketable wheat is mostly considered as having reached a full stage 
of maturity. There is, however, much wheat on the market whose develop- 
ment has been checked at various stages short of full maturity. This is a 
somewhat variable condition, depending upon climate, season, soil, moisture, 
and time of harvesting as well as upon the type of grain. Much of this 
immature wheat has valuable, and under some conditions superior, mi ll ing 
qualities. The results of a systematic study of changes which take place 
during growth and development of the grain are therefore of practical 
value as well as of scientific interest. 

Alsberg, in considering the character of the proteins laid down during 
development, states (1, p. 236), “With the exception of Woodman and 
Engledow (13) almost no one has distinguished between the two proteins 
of which gluten is composed, glutenin and gliadin.” Alsberg draws this 
conclusion from the reading of Bailey (2) and refers his readers to Bailey 
for a review of the literature. Bailey’s notes on this subject are not com- 
plete, although he gives the results of Woodman and Engledow in much 
detail. Their report, and the methods they used, show much to be desired. 
Among other things the recording of ammonia nitrogen should be ex- 
plained. Even in the mature grain it is reported as high as 0.10 per cent, 
and higher. It is also clear that a large part of the gliadin was carried 
away in the 1 per cent, salt solution which they used before extraction with 
alcohol was begun. The amounts of gliadin shown, therefore, are much 
too low. 

Methods 

The writer made an extended study of wheat and its products during 
the years 1893 to 1898 inclusive. In 1893 researches of Osborne- and VOOR- 
HEEs (7) on the proteins of wheat were then new. Based upon their find- 
iqgs, convenient methods for making systematic series of determinations on 
the amounts of different nitrogen compounds in wheat and its products 
were desired. It was a pioneer undertaking and the nature of the sub- 
stances to be separated does not tend toward exactness. After a careful 
preliminary study certain corrections for overlapping solubilities were 

1 Oontribution from Tbe Columbus Laboratories, CSticago, Illinois and the Arkansas 
Agricultural Experiment Station, Payetterille, Arkansas. 
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found to be necessary. With these corrections the determinations on differ- 
ent wheats and products were found to be wholly consistent, and have been 
so found in numerous instances since that time. 

These methods were first published in 1896 (8), and with some modifi- 
cations again in 1898 (9). The original methods may be found in Leach 
(6) and earlier editions where they were introduced by Osborne. They 
were used in studying the proteins of wheat bran (11) and are given in 
detail in the paper recording the results of that study. 

Briefly, gliadin and the non-protein nitrogen compounds of wheat are 
soluble in neutral alcohol (sp. gr. 0.90). Little if any of the albumin and 
globulin are soluble in it, A 1 per cent, sodium chloride solution dissolves 
both of these, all the non-protein compounds, and some gliadin. Under 
uniform conditions the considerable amount of gliadin dissolved is very 
uniform (8). The protein compounds are completely precipitated from 
the salt solution by phosphotungstic acid, and the non-protein nitrogen in 
the filtrate can be readily determined. This must be deducted from the 
alcohol-soluble nitrogen to give the gliadin. The albumin and globulin may 
be precipitated from the salt solution by alcohol and their nitrogen deter- 
mined in the precipitate as collected, or they may be found by difference 
when deductions for dissolved gliadin nitrogen and the non-protein nitro- 
gen are made. The glutenin nitrogen is found as the difference between 
the total nitrogen and the sum of the nitrogen of the other compounds. 
Gliadin and glutenin are the two proteins which together form the greater 
part of gluten as it is ordinarily separated from flour by hand washing. All 
nitrogen determinations were made by the Kjeldahl method or the Gunning 
modification. The factor 5.7 was used for calculating protein from the 
nitrogen. 

Experimentation 

During the years 1897 and 1898, wheat at Fayetteville, Arkansas, was 
cut daily during the development of the grain and for several days after 
full ripeness. A portion of each cutting was put to dry on the straw in a 
well ventilated barn loft on a wire netting suspended from the roof to pro- 
tect from rodents. From another portion the heads were cut and dried in 
like manner. In due time each lot was threshed by a threshing machine 
cylinder supported in a suitable wooden frame with box attachment to 
receive the threshed grain. This was cleaned in a farm fanning mill and 
stored in jars for analysis. During the first year a part of that dried 
on the straw was milled in a small roller mill to obtain the pure endosperm 
or fine flour for the analysis. This was carefully separated from the 
remainder by a series of hand sieves with bolting silks. 

An extended analysis was made on the successive lots of wheat to 
determine total mineral matter, fat, different forms of carbohydrates, and 
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different nitrogen compounds. This paper for the most part deals only 
with the last. The methods used were those just described and the determi- 
nations included total nitrogen, non-protein nitrogen, the albumin and 
globulin (edestin and leucosin), the prolamine (gliadin), and the glutelin 
(glutenin). The number of kernels in 10 gm. of that ripened on the straw 
was also determined. The latter is a helpful guide to the condition as to 
development. The percentages of starch shown in table X contribute also 
to that end. 

For convenient comparison of data the results of analyses of the several 
daily cuttings are grouped as the average of three days each. However, 
the wheat from each day was analyzed separately for the nitrogen and its 
compounds, both that dried on the straw and that in the head cut from 
the straw. For other determinations the three-day samples were mixed 
before analyses and the analyses were made only on those dried on the 
straw. 

Detailed results of these several analyses of the grain of the harvest 
of 1897 have already appeared (9). Results of the protein separations 
for 1898 have not heretofore been published, although the more general 
analyses were published in a paper discussing carbohydrates (10). Results 
of both years are given here as either without the other would lose some- 

TABLB I 

Approximate stage op dfa'elopment of wheat whek cut as recorded f(» periods op 
THREE DAYS EACH. SERIES OP 1897 


Period 


Stage op development 


I 

II . 

Ill .. .. 
IV . .. 
V... 

VI ... 

vri . .. 

VIII .. 
IX... 

X 


XI . ... 
XII .... 

XIII 

XIV 


A little past blossom ; grain set 

Berries one-half to full length of ripe grain 

Crushed berries exude a thin milky liquid j lower leaves beginning to die 
Grain well in milk 

Heads and kernels well developed; interior of grain a thin dough 
Grain in dough 

Grain in stiff dough ; straw becoming yellow at butt ; grain shells a little with 
rough handling 

Straw in field much yellowed but still decidedly green 

Grain oozes a thin liquid when crushed between the thumb nails; contents still 
slightly viscid ; straw still a little green 
Wheat fit to cut at beginning of this period ; straw has lost all its green color 
and is dark purple immediately below the heads; berry nearly dry and 
may be crushed between the thumb nails but without contents adhering 
to them 

More than ripe; straw bright and stands up well 
More than ripe; straw bright and stands up well 
More than ripe; straw bright and stands up well 
More than ripe; straw bright and stands up well 
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thing of its value. The comparisons as shown in the charts (figs. 1, 2) 
are especially instructive. 


TABLE II 

NOMBKB of KEBKSI.S IN 10 OU. OF WHEAT BIPENED ON 8TBAW 


Period 

Series of 1897 

Series of 1898 

I 

3125 

9632 

II 

1964 

4628 

Ill 

1080 

r 1708 

IV 

746 

834 

V ... 

494 

519 

VI .. 

412 

426 

VII 

333 

362 

VIII 

296 

321 

IX . 

269 

298 

X 

254 

293 

XI 

253 

293 

XII 

252 

285 

XIII .. . 

247 

286 

XIV 

248 



TABLE III 

AVBBAQE total nitrogen in PBBCBNTAOE DBY matter in wheat GRAIN DRIED ON THE 
STRAW AND IN HEADS CUT FROM THE STRAW. SERIES OF 1897 


Period 

Head 

SERIES 

Straw 

SERIES 

Difference 


% 

% 

% 

I .. 

3.85 

3.68 

0.17 

II . .. 

3.63 

3.25 

0.38 

Ill 

3.20 

2.85 

0.35 

IV ... 

2.90 

2.63 

0.27 

V 

2.73 

2.55 

0.18 

VI 

2.45 

2.36 

0.09 

VII 

2.64 

2.45 

0.19 

vni 

2.73 

2.69 

0.04 

IX 

2.75 

2.78 

-0.03 

X 

2.95 

2.95 , 

0.00 

XI* 

3.01 

2.91 

0.10 

XII 

3.11 

3.02 

0.09 


* Average two days only. 
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TABLE IV 

Average totai 4 NmtoGEN of different oompounds in percentage total dry matter 

OF WHEAT GRAIN CUT DAILY AND ARRANGED IN PERIODS OF THREE 
DAYS EACH. GRAIN DRIED ON THE STRAW. SERIES OF 1897 


Period 

Nitrogen 

Total 

Gliadin 

Glutbnin 

Edestin 

AND 

LEUCOSIN 

Non- 

protein 


% 

% 

% 

% 

% 

I 

3.68 , 

1.04 

1.63 

0.44 

0.57 

II . .. 

3.25 

1.13 

1.40 

0.44 

0.28 

Ill . . 

2.85 

1.14 

1.08 

0.43 

0.20 

IV . ... 

2.63 

1.10 

0.95 

0.40 

0.18 

V 

2.55 

1.10 

0.91 

0.38 

0.16 

VI .. . 

2.36 

1.08 

0.84 

0.33 

0.11 

VII 

2.45 

1.19 

0.88 

0.28 

0.10 

VIII 

2.69 

1.35 

0.96 

0.28 

0.10 

IX . .. 

2.78 

1.49 

0.91 

0.29 

0.09 

X 

2.95 

1.58 

0.93 

0.34 

0.10 

XI 

2.91 

1.54 

0.94 i 

0.34 

0.09 

XII 

3.02 

1.62 

0.94 

0.35 

0.11 

XIII 

3.03 

1.59 

0.98 

0.34 

0.12 

XIV 

3.17 

1.68 

1.01 

0.36 

0.12 


TABLE V 

Average nitrogen of different compounds in percentage total nitrogen in wheat 

GRAIN CUT DAILY AND ARRANGED IN PERIODS OF THREE DAYS EACH. 

Grain dried on the straw. Series of 1897 


Nitrogen 


Period 

Gliadin 

Glutenin 

Edestin 

AND 

LEUCOSIN 

Non- 

protein 


% 

% 

% 

% 

I 

28.4 

44.2 

11.9 

15.5 

II 

34.7 

43.1 

13.7 

8.5 

in 

3*9.9 

37.8 

15.1 

7.2 

IV 

41.9 

36.2 

15.2 

6.7 

V 

43.3 

35.7 

14.7 

6.3 

VI 

45.6 

35.6 

13.9 

4.9 

VII 

48.5 

35.8 

11.4 

4.3 

VIII 

50.0 

35.9 

10,3 

3.8 

IX 

53.5 

32.7 

10.4 

3.4 

X 

53.3 

31.5 

11.8 

3.4 

XI* 

52.9 

32.4 

11.5 

3.2 

XII 

53.5 

31.1 

11.5 

8.9 

xm 

52.4 

32.3 

11.1 

4.2 

XIV 

53.0 

31.9 

11.3 

3.8 


Average two days only. 
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TABLE VI 

AVBftAaS TOTAL NITBOOKN AND NITBOOllN OF DlfFSaENT COMPOUNDS IN PBftCENTAQB TOTAL 
DBY KATTBR IN WHEAT OBAIN CUT DAILY AND ABEANOED IN PERIODS OF 
THREE DAYS EACH. GRAIN DRIED ON THE STRAW. SERIES OF 1898 


Period 

Nitrogen 

Total 


Glutenin 

Edestxn 

AND 

LEUC08IN 

Non- 

protein 


% 

% 

% 

% 

% 

I 

4.45 

0.43 

1.41 

0.28 

2.33 

II 

3.84 

0.93 

1.70 

0.45 

0.76 

Ill 

3.17 

1.18 

1.23 

0.50 

0.26 

IV 

2.67 

1.09 

0.97 

0.44 

0.17 

V ! 

2.56 

1.11 

0.90 

0.41 

0.14 

VI 

2.60 

1.23 

0.86 

0.39 

0.12 

VII 

2.66 

1.29 

0.86 

0.39 

0.12 

VIII 

2.65 

1.31 

0.87 

0.37 

0.10 

IX 

2.61 

1.31 

0.82 

0.38 

0.10 

X 

2.62 

1.31 

0.83 

0.38 

0.10 

XI 

2.61 

1.33 

0.81 

0.37 

0.10 

XII 

2.58 

1.30 

0.82 

0.37 

0.09 

XIII 

2.59 

1.30 

0.84 

0.36 

0.09 


TABLE VII 

Average nitrogen or different compounds in percentage total nitrogen in wheat 

GRAIN CUT DAILY AND ARRANGED IN PERIODS OF THREE DAYS EACH. 

Grain mued on the straw. Series of 1898. 


Nitrogen 


Period 

Gliadin 

Glutenin 

Edbstin 

AND 

LEUCOSIK 

Non- 

protein 


% 

% 

% 

% 

I 

9.6 

31.7 

6.3 

52.4 

II 

24.2 

44.3 

11.7 

19.8 

Ill 

37.2 

38.8 

15.8 

8.2 

IV 

40.8 

36.3 

16.5 

6.4 

V 

43.3 

35.2 

16.0 

5.5 

VI 

47.3 

33.1 


4.6 

VII 

48.5 

32.3 

14.7 

4.5 

VIII 

49.4 

32.9 

13.9 

3.8 

IX ! 

50.2 

31.4 

14.6 

3.8 

X 

50.0 

31.7 

14.5 

3.8 

XI 

51.0 

31.0 

14.2 

3.8 

XII 

50.4 

31.8 

14.3 

3.5 

XIII 

50.2 

32.4 

13.9 

3.5 
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TABLE VIII 

Avsraob total mTBMm and nhsooen or DimsaiNT oompovkds in pebcentaob total 

DRY MATTER OT ENDOSPERM OF WHEAT ORAIK GOT DAILY AND ARRANGED IN PERIODS 
or THREE DAYS EACH. GRAIN DRIED OK THE STRAW. SERIES OF 1897 


Period 

Nitrogen 

Total 

Gliadin 

Glutenin 

Edestin 

AND 

LEUC08IN 

Non- 

protein 


% 

% 

IHQIIII 

% 

% 

VI 


1.19 



0.02 

VII 

2.08 

1.20 


0.18 

0.02 

VIII 

2.18 

1.31 


0.18 

0.02 

IX. . 


1.33 


0.18 

0.02 

X 

■■ 

1.41 


0.18 

0.02 


TABLE IX 

Average nitrogen or different compounds in percentage total nitrogen in endo- 
sperm OF WHEAT GRAIN CUT DAILY AND ARRANGED IN PERIODS OP THREE 
DAYS EACH. GRAIN DRIED ON THE STRAW. SERIES OF 1897 


Nitbogen 


Period 

1 

Gliadin 

Glutenin 

Edestin ; 

AND 

LBUCOeiN 

Non- 

protein 


% 

% 

% 

% 

VI 

58.6 

30.8 

9.6 

1.0 

VII . . 

57.8 

32.7 

8.2 


VIII 

60.1 


8.2 

0.9 

IX 

60.2 


8.1 

0.9 

X 

61.0 

1 

30.3 

7.8 

0.9 


Discussion 

As shown in table II, there were more than three times as many kernels 
in the same weight of grain in the first period of the second year as in the 
same period of the first year. This striking difference is apparently due 
to at least four days^ earlier cutting in the stage of growth. This is also 
apparent in the results of the analyses, especially as to the much higher 
nitrogen content and the much greater proportion of non-protein nitrogen 
in the first period of the second year’s cutting. 

Comparing the total nitrogen in the grain ripened on the straw and 
that in the heads cut from the straw (table III), we find a material decrease 
in the nitrogen in the former. This is apparently to be attributed to the 
transfer of carbohydrate substances from the straw into the grain. In 
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TABLE X 

Total nitroobn and stabch* ik pbbckktaoe total dey matter op wheat cut daily 

AND ABBANOBD IN PERI(M>S OF THESE DAYS EACH DURING TWO 
HARVEST YEARS. GRAIN DRIED ON THE STRAW 


Series op 1897 

Series op 1898 

Period 

Total 

NITROGEN 

Starch 

Period 

Total 

NITROGEN 

Starch 


% 

% 


% 

% 

I . . 

3.68 

41.5 

I 

4.45 

16.7 

II . 

3.25 

47.7 

II 1 

3.84 

29.7 

III. .. 

2.85 

54.7 1 

III 

3.17 

47.2 

IV . . 

2.63 

59.4 

IV 

3.67 

56.4 

V .. .. 

2.55 

63.8 

V 

2.56 


VI 

2.36 

65.3 

VI 


1 61.8 

VII . 

2.45 

65.7 

VII 


1 62.1 

VIII 

2.69 

65.5 

VIII 

2.65 


IX ... 

2.78 

65.4 

IX 


62.9 

X 

2.95 

64.3 

X 

2.62 


’ XI 

2.91 

63.2 

XI 

2.61 

64.5 

XII 

3.02 

64.4 

XII 

2.58 

63.5 

XIII .. 

3.03 

63.8 

XIII 

2.59 


XIV . 

3.17 

63.2 





*The Btar<^ as here shown corresponds closely to the amount found by diastase 
followed by acid hydrolysis but includes also a small amount of undetermined material, 
especially in the early periods. 


the second year’s cutting there was not such a marked and constant dif- 
ference and the results are not here shown. The relations of the different 
forms of nitrogen compounds in percentage of total nitrogen in the straw 
series and in the head series were much the same during each year. 

There was a steady decrease in percentage of nitrogen in the grain 
during the early period of both years (tables IV and VI). Following this 
there was during the first year a steady and marked increase up to and 
including the final cutting. During the second year this increase was 
hardly more than begun when a decrease set in and continued to the end. 
Since these cuttings were made in nearly the same location and on the same 
variety of wheat (Fulcaster), it is clearly a seasonal difference. This 
decrease in nitrogen in the grain was found by Kedzie (4, 5) in two years’ 
cuttings in Michigan (1881 and 1893). An increase in nitrogen similar 
to that of the first year was found by Brenchley and Hall (3) at Rotham- 
sted, England, and by Thatcher (12) on American spring wheat. This 
variability is significant in connection with preliminary surveys of the 
nitrogen content of the coming wheat crop as now sometimes made from 
early sampling in the field. 
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The material increase of nitrogen in the endosperm or flour portion of 
the grain over the periods during which this material was separated is 
of even greater interest (table VIII). The percentage of total nitrogen 
in the dry matter is more than one-eighth greater in period V than in 
period VI. 

In separating the endosperm an effort was made to secure only the 
purest of it. In doing this a large proportion of good flour material was 
rejected. That portion of the flour rejected lies closer to the bran and 
contains a distinctly larger proportion of nitrogen than that near the 
center of the kernel. Because of this the difference between the percentage 
of nitrogen in the endosperm as examined and in the whole wheat is greater 
than it would have been if all the endosperm had been included. When 
we compare the amount of gliadin in the endosperm in percentage of the 
total nitrogen, however, we find it greater than in the wheat. This is 
fully in accord with my previous findings made in 1896 and in 1932, which 
show a markedly higher proportion of gliadin in the endosperm than in 
the bran. The steady increase of gliadin in the wheat during the early 
stages of both years (tables V and VII ; figs. 1, 2) is due in large measure 
to the increased filling of the grain with endosperm. It parallels somewhat 
closely the increase in the proportion of starch as shown in table X. That 



Fio, 1. Changes in proportions of nitrogen compounds in grain of wheat from ewly 
formation to past maturity; series of 1897. Short lines with letter indicate corresponding 
compounds in endosperm; figures show percentage; Roman numerals indicate period. 
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Flo. 2. Changes in proportions of nitrogen compounds in grain of wheat from 
early formation to past maturity; series of 1898. Figures show percentage; Boman 
numerals indicate period. 

it is not wholly due to this cause is apparent from tables VIII, IX, and 
others. 

The composition of growing plants gathered from the soil at different 
times is subject to so many causes for variation that it is extremely difficult 
if not impossible to adhere even fairly closely to the well established re- 
quirements of successful experimental work, namely, to allow variations 
along one line only. Nevertheless, when correctly interpreted, the combined 
results of repeated attempts often lead to findings of substantial value. At 
all events they are in accord with nature and the industries that make 
use of nature’s products. 

Summary 

1. Among results of two years’ careful study of the development of 
wheat grain, as shown by the analyses of daily cuttings from its first forma- 
tion to far past maturity, it was found that the large proportion of non- 
protein nitrogen compounds which are predominant at the very earliest 
formation of the kernel are quickly changed into the different forms of 
protein characteristic of the wheat grain. Over the earlier periods there 
was a continuous increase of gliadin and a corresponding but less marked 
decrease in the proportion of glutenin. In these earlier periods there was 
also a slight falling off in the proportion of the combined non-gluten pro- 
teins, the albumin and globulin. These changes are in part due to the 
filling of the grain with endosperm. This contains a much larger pro- 
portion of gliadin and a smaller proportion of glutenin and the non-gluten 
nitrogen compounds than the bran. 
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2. For both years there was a decrease of total nitrogen in the grain 
over the early periods, which is also in accord with the results of increased 
endosperm. Owing to seasonal differences there was for one year a steady 
increase in the proportion of total nitrogen in the grain throughout the 
later periods. For the other year there was a decrease in this proportion 
of nitrogen. Both of these conditions as to the relative amounts of total 
nitrogen in the grain are in conformity with findings of certain other investi- 
gators who have pursued that feature of the study. 

The Columbus Laboratories 
Chicago, Illinois 
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DISTRIBUTION OP ROOTS IN POROUS AND NONPOROUS 
PLANT CONTAINERS^ 

Linus H. Jones and Henri D. Haskins 
(with three figures) 

Introduction 

Many years of experience in growing plants in clay pots have taught the 
horticulturist to judge the needs of his plants by the condition of the root 
system. The so-called pot-bound condition, in which the root system appears 
as a mass of interlacing roots between the pot and the soil mass, is a criterion 
that is applicable only to this type of container, t.e., the porous clay pot. 

Jones (1) has shown that plants may be grown in nonporous containers 
and that such plants are equal to those grown in the conventional clay 
flower pot. The study of root systems in both porous and nonporous plant 
containers shows a striking difference. In the porous pot, the root system 
is almost wholly outaide the soil mass and the core of soil within may be 
easily removed. In the nonporous pot, there are relatively few roots on the 
outside of the soil mass and it is exceedingly difficult to remove the soil from 
the roots, which ramify throughout the soil. This condition was observed 
by Whitney and Cameron (7) in 1904 when experimenting with soils in 
wire baskets covered with paraffin. Such plant containers are nonporous. 
These investigators state: ‘^In no case has there been found any evidence of 
any effort on the part of roots to develop toward the sides of the pot. On 
the contrary, they grow freely throughout the soil.’^ The wire basket cov- 
ered with paraffin was the outcome of failures to keep the root system within 
the soil, for in glass tumblers this particular soil contracted, leaving an air 
space saturated with water vapor between the soil and the wall of the 
tumbler. These investigators further noted that they obtained an even 
distribution of soil moisture within these paraffined wire baskets. 

Top-root ratios in porous and nonporous plant containers 

A comparison of the root systems of plants grown in porous and in non- 
porous pots invariably showed a larger root system in the porous pot; 
moreover, it was observed that the soil in nonporous pots always contained 
a greater amount of moisture than did the soil in porous pots. 

In order to obtain more definite information on top-root ratios of plants 
grown in porous and nonporous containers, the following experiment was 
carried out. 

^ Contribution no. 186 of the Massachusetts Agricultural Experiment Station. 
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Sixty 3-mch clay pots and sixty glass tumblers, each holding the same 
volume of soil as a 3-inch clay pot, were planted with tomato seedlings. 
The containers were watered each day and checked every alternate day by 
weighing in order to maintain a fairly even moisture content of the soil. 
The soil in the clay pots, however, frequently became dry owing to excessive 
evaporation from the walls of the pots. It was necessary to apply twice as 
much water to the clay pots as was applied to the tumblers. At the end of 
33 daj^, the plants in the clay pots were showing signs of becoming pot- 
bound, i.e., the roots were heavily massed against the wall of the pot and 
even projected above the surface of the soil at the region of contact of soil 
and pot. At this time the soil was carefully washed from the roots, and the 
top of each plant was cut off just above the first root. The tops and roots 
were dried in an oven at 101° C. and weighed. Table I gives the average 
weights obtained. 


TABLE I 

Atebaoe dbt weiohts or 60 tomato plants obown in clay pots and or 60 tomato 
PLANTS OBOWN IN GLASS POTS POB 33 DAYS 


Type op pot 

Avebaoe 

WEIGHT OP 
ROOTS 

Average 

WEIGHT OP 

TOPS 

A.VERAOB 
TOTAL WEIGHT ' 
OP PLANT 1 

Average 

T/B 

RATIO 


gtn. 

gm. 

gm. 


Clay 

0.3853 

1.2750 

1.6603 

3.31 

Glass 

0.3429 

1.3773 

1.7202 

4.02 


Although an attempt was made to maintain a fairly uniform moisture 
content in the soil, observations indicated that only by frequent weighings 
over the daily period could the moisture in the soil of the clay pots approxi- 
mate the uniform moisture content of the glass tumblers. The result of this 
experiment, as shown by table I, demonstrates that a somewhat smaller root 
system in the glass container produced fully as large a plant as was obtained 
in the clay pot. However, the difference was slight in the total weights of 
plants (roots and tops) grown in both types of containers, although as a 
matter of fact the average weight of the whole plant grown in glass was 
somewhat greater than that obtained in clay. As noted in previous experi- 
ments, the root systems were distributed according to the type of container 
in which they were growing, the roots in the clay pot being for the most 
part massed on the outside of the soil and those in the glass tumbler being 
well distributed throughout the soil mass. Figure 1 illustrates these two 
types of root distribution and figure 2 shows the two root systems with soil 
removed. 
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Fio. 1. Distribution of roots in porous pot (left) and nonporous pot (right). 
Tomato plants 40 days old. 

Relation of nutrients to root distribution 

It is generally believed that roots grow between the wall of a clay pot 
and the soil mass in order to obtain the air that is supposed to pass through 
the wall of this type of plant container. In fact, it is the presence of the 
root system at this point of contact between pot and soil that is offered as 
proof that air does pass through such walls. The demonstration by Jones 
(2) that a rubber vacuum disc will remain fixed on the moist wall of a clay 
pot for over 30 days disproves the popular belief that a clay flower pot is 
porous to air. It is necessary, therefore, to find some other explanation for 
the massing of roots near the wall of the clay pot. 

There is considerable evidence in the literature to show that under nor- 
mal moisture conditions root formation takes place where there is an avail- 
able source of nutrients, and, up to a certain point, the amount of root 
formation increases directly as the nutrient supply increases. Livingston 
( 4 ) found an increased branching of roots as the amount of manure was 
increased in a poor soil. The tremendous development and branching of 
roots within drain tiles, even in regions where there is plenty of soil mois- 
ture, is a response to a nutrient factor. It has been noted that an unusually 
great number of roots will develop in manure layers where manure is used 
alternately with soil, or where a layer of clay has absorbed some of the 
nutrients that have leached through sand. 
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Fig. 2. Boot systems of figure 1: left, porous pot; right, nonporous pot. 

The porous pot not only absorbs moisture, but it also provides a means 
of moving soil moisture into the air through the wall of the pot. Such 
pots are capable of losing twice as much water through the wall of the pot 
as from the surface of the soil. A theory that the distribution of roots in 
plant containers is tied up directly with plant nutrients and is indirectly 
related to soil moisture movements is partly supported by the following 
observations and chemical analyses. 

The work of Knott and Jeffries (3) indicates the large amount of 
nitrogen that is absorbed by the clay pot from the soil within. In the 
opinion of the writers, roots develop at the point where the relatively large 
amount of available nitrogen is concentrated by the movement of the water 
drawn through the wall of the pot by the force of evaporation. The suc- 
cessful horticultural practice of using small pots for small plants may be 
explained on the basis that in the small pot the roots can more quickly 
reach this source of nutrients, A small plant in a large pot grows slowly 
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compared with a small plant in a small pot. The practice of placing poorly 
rooted cuttings nearer the wall of the pot than the center in order to encour- 
age better growth may be interpreted to mean that the roots are there much 
nearer the region where nitrogen and other nutrients will be concentrated. 
Tests have confirmed these practices with the clay pots ; but when nonporous 
pots of paper or glass were employed, the size of the pot or the position 
of the seedling or cutting had no effect on subsequent growth, and this 
growth was equal to any growth obtained in the clay pots. 

It appears that the soluble salts in the soil, which include the nutrients, 
move in the same direction as the moisture. The marked lateral movement 
of moisture that occurs in a clay pot is entirely absent in a nonporous pot. 
Although vertical movement of moisture occurs in both the clay and non- 
porous pots, any upward movement of salts is counteracted by top watering 
which leaches these salts downward. The more even distribution of soil 
moisture in the nonporous pots compared with moisture distribution in clay 
pots probably has associated with it a more even distribution of nutrients, 
which may account for the ramifying root systems in the nonporous plant 
containers. 

A demonstration that there is an unequal distribution of nutrients in clay 
flower pots is shown in the following results, which are taken from some 
preliminary experimental work that bears upon the subject of lateral move- 
ment of nutrients in the soil of a clay flower pot. To each of six 6-ineh 
flower pots containing soil were added 7.5 gm. of a 5-8-7 fertilizer, prac- 
tically all of which was in a soluble form. The soil was kept fallow and the 
pots watered each day. The pots were kept on a bed of moist cinders. At 
intervals of 4, 8, and 12 weeks, two pots were sampled in four cores accord- 
ing to the following diagram (fig. 3). Portions of each sample were washed 
with like amounts of distilled water, the solutions evaporated, and a deter- 
mination made of the total water-soluble solids. It was found that the great- 
est concentration of water-soluble solids was always obtained in the center 
core (A), and that in general there was a definite reduction of total water- 
soluble solids progressing through cores B, C, and D. Each of these cores 



Flo. 3. Diagram ahowiag relative poaitiona ot corea A, B, C, and D. 
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contained less total water-soluble solids as the sample taken became closer to 
the wall of the pot. In table II are given the results obtained from the 4-, 
8-, and 12-week samples. 

TABLE II 

Total wateb-soluble solids in the several gores drawn from 6-inch porous clay 
POTS. Besults calculated to a dry matter basis 



Total water-soluble solids 

Core A 

CoreB 

CoreO 

Cored 


% 

% 

% 

% 

4- week samples 

0.8306 

0.6144 

0.5229 

0.3899 

8-week samples 

0.9368 

0.6878 

0.5646 

0.3941 

12-week samples .. . 

0.7710 

0.4650 

0.5816 

0.4364 


The detailed analysis of a composite of the total water-soluble solids 
from the several cores, drawn at the three intervals, is given in table III. 

TABLE III 

Detailed analysis of composite samples of cores drawn after 4-, 8-, and 12- week 

INTERVALS. BESULTS COMPUTED TO A DRY BASIS OF THE WATER-SOLUBLE SOLIDS 



Core A 

CoreB 

Core C 

Core D 


% 

% 

% 

% 

Total nitrogen 

mmM 

0.0076 

mmi 

mm 

Nitrogen as nitrates 

SB 

0.0045 



Nitrogen other than nitrates . 


0.0031 

BBI 


Potash 


0.0704 

BH 


Phosphoric acid 


0.0042 

WBSB 


Calcium oxide 


0.0947 

0.0765 


Magnesium oxide 


0.0267 

mSSSi 

0.0189 

Chlorine 


0.0203 



Soluble sulphates (SO,) 


0.1638 

wbm 

0.0689 

Total of soluble constituents as analyzed 
Besidue of total soluble solids not recov- i 

0.6231 

0.3867 

0.3633 

0.2114 

ered by analysis* 

0.2230 

0.1690 

0.1931 


Percentage of total soluble solids recovered 





by analysis 

73.64 

69.59 

65.29 

51.97 


* It seems probable that the residue of the total soluble solids not recovered by these 
analyses would be largely soluble organic matter, sodium compounds, and small amounts 
of such substances as Mn, Fe, Al, and SiO^. 


This table shows in the analysis of the total soluble solids, the sum of the 
seven determinations on composite sample A was 66 per cent, more than on 
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sample D; about 42 per cent, more than on sample C; and 38 per cent, more 
than on sample B. This shows a diminishing quantity of soluble soil con- 
stituents from the center core (JL) to the outer soil region (D), and agrees 
with the data in table II which show the percentages of total water-soluble 
solids from each sample. The data in these two tables indicate that there is 
a pull of soil salines toward the pot wall, i.e., lateral diffusion, and that the 
pot has absorbed a considerable quantity of the soluble nutrients. The fact 
that core D contains a smaller quantity and cores C and B a somewhat larger 
quantity of the water-soluble constituents might indicate that these com- 
pounds had been absorbed by the pot walls. Naturally, as the concentration 
of the soil solution was less in the outer layers of the soil, in the presence 
of a lateral movement of soil moisture induced by the heavy pull caused by 
evaporation through the pores of the pot the supply of soluble nutrients 
must naturally come from cores B and A, which function as reservoirs for 
both water and the soluble constituents which the water carries. 

That the pot does absorb soluble plant food constituents is illustrated by 
the chemical analysis (given in table IV) of a gray, crystalline deposit 
scraped from the outer surface of clay pots which had seen several years of 
service in a greenhouse. 

The literature that might bear directly on this subject suggests that a 
plant container with an evaporating wall may cause a lateral diffusion of 
soil salines. McHaboue (5), working with manganese, discusses this point. 

TABLE IV 

Chemical analysis of crystalline deposit bceaped from surface of clay pots 


% 

Moisture in vacuum oven at 55® C. for 10 hours 2.30 

Organic and volatile matter exclusive of free moisture 24.90 

Total nitrogen 0.55 

Ammoniacal nitrogen None 

Nitrate nitrogen 0.32 

Water-soluble organic nitrogen - 0.05 

Water-insoluble organic nitrogen 0.18 

Phosphoric acid 0.79 

Iron and aluminum oxides 0.76 

Calcium oxide 26.28 

Magnesium oxide 1.08 

Sulphates (SO,) 35.09 

Potassium oxide 0.39 

Sodium oxide 0.89 

Soluble silica 0.40 

Silica insoluble in dilute hydrochloric acid (most likely a part 
of the clay pots) 7.20 
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He found that crocks that were not well glazed showed crystalline deposits 
of nutrients after the crocks had been in use a short time. The poor glazing 
permitted the migration of moisture which carried the mineral nutrients in 
solution through the walls, so that subsequent evaporation of the moisture 
caused deposition of the mineral nutrients on the outside. In a later publi- 
cation McHarotte (6) states that “the waU of earthenware jars which are 
in general use for pot experiments may be sufficiently porous to absorb 
mineral nutrients from soil or sand cultures, and these may become available 
and affect the growth of plants in subsequent experiments.” Kkott and 
Jeffries (3) found that new flower pots absorbed considerable nitrogen, the 
pot competing more successfully for this element than the plant. They also 
suggest that other soil salts may be similarly absorbed. 

These ideas are well confirmed by the behavior of plants, particularly of 
their root systems, in the cement flower pot. The pore spaces in the wall of 
the cement pot are so large that only when the soil within is excessively moist 
is there a movement of capillary moisture through the wail of the pot. Dur- 
ing the greater part of the time, therefore, the wall of the cement pot is dry 
and porous to air when supporting plant growth, and for this reason the 
root system ramifies through the soil and is not found between the soil and 
the pot. The cement pot, typifying these characteristics, supplies a basis 
for believing that root distribution is not dependent on nor greatly influenced 
by aeration through the wall of the pot. The ramifying root system found in 
both cement and nonporous containers is associated with a lack of lateral 
movement of soil moisture, which in turn influences a lack of lateral move- 
ment of soluble plant food. 

In the porous clay pots, however, movement of capillary water through 
the wall of the pots and the presence of deposited salts left on the pots by 
the evaporated water result in massing of root systems between the soil and 
the pot. As reported by Knott and Jeffeibb (3), a new pot produces a 
stunted, yellow, inferior plant, as the wall of the pot absorbs a considerable 
portion of the soil nutrients. The moisture relations in a new and an old 
clay pot are the same, but the nutrient relations are different. It is reasoned 
from the evidence presented, therefore, that the presence of nutrients is the 
most important factor in root development, and that distribution of nutrients 
is related to soil moisture movements. 

Summary 

1. Root systems in porous pots are found, for the most part, outside the 
soil mass and next to the wall of the pot. In nonporous containers the root 
qrstems ramify throughout the soil with but a very small proportion next to 
the wall of the plant container. 
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2. The size of a root STstem is influenced by the moisture content of the 
soil. If the moisture content of the soil in a porous pot is maintained 
approximately equal to that in a nonporous container, the root systems will 
be nearly equal. 

3. A determination of water-soluble solids made at intervals of 4, 8, 
and 12 weeks showed an unequal distribution of this material in the porous 
pots. In general, the amount of water-soluble solids decreased directly as 
the concentric cores were measured from the center to the periphery. 

4. A detailed analysis of the composite samples of the four cores showed 
that all the elements for which determinations were made followed the same 
general rule of decreasing in concentration from the center outward. 

5. The cement pot is porous to air, but does not maintain a lateral move- 
ment of moisture. The root system in a cement pot ramifies throughout the 
soil as does the root system in a nonporous pot. 

6. The distribution of root systems in plant containers is associated with 
the distribution of nutrients, which in turn is affected by soil moisture move- 
ments. 

MiiSSACHUSETrS AORtCUI.TUBAli EXPSBniKNT STATION 
Aurkrst, Massaohcsetts 
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THEEMAL CONDUCTIVITY OP STORED OATS WITH 
DIFFERENT MOISTURE CONTENT^ 

A. L. Bakee and H. Stidxs^ 

(with one fiqube) 

Much has been written about the heating that takes place in damp or 
moist grain, but apparently no measurements have been made of thermal 
conductivity. In a previous publication by Bakes and Noeckeb (1), it 
was shown that in oats in storage there is considerable variation in oxygen 
consumption even with oats of low moisture content. There is a gen- 
eral tendency for respiration to increase with the moisture content, 
although there is considerable variation. In certain localized areas where 
the grain is not sufficiently dry for storage, spoilage takes place owing to 
rapid oxidation of the grain. In these areas or “heat pockets” the heat 
generated has been largely retained owing to the fact that the grain is a 
poor conductor of heat. The work reported in this paper is an attempt to 
measure the thermal conductivity of oats stored at different moisture 
contents. 


Stiles’s method of measuring thermal conductivity 

The thermal conductivity of oats was measured by the apparatus devel- 
oped by Stiles (2, 3) in obtaining the thermal conductivity of heat-insulat- 
ing materials. Briefly the method is to place the material to be tested 
between the ice vessel and the hot water tank, being sure that the upper 
temperature is constant at 32° F. Heat passage through the material to 
be tested is then determined by timing the water-level drop in the measur- 
ing tube which depends on the rate of melting of the ice in the cylinders. 

The tank is a copper cylinder 14i inches high and 16 inches in diameter, 
holding approximately 100 pounds of water. The water is heated by a 
Bunsen burner. On account of the large heat capacity of the water, it has 
been found possible after a little practice to keep the temperature of the 
water constant to within one-half degree for hours. The water is kept in 
circulation by a stirrer which consists of two sets of vanes mounted on a 
short shaft placed in a brass cylinder 3 inches in diameter. The pulley 
at the top of the shaft is belted to a one-eighth horsepower motor and the 
water circulated through holes near the top and near the bottom of the 
cylinder. The cylindrical sides of the boiler and ice container are of gal- 

1 Journal paper no. J 264 of the Iowa Agricultural Experiment Station, Ames, Iowa. 
Project no. 87, 

2 Gratitude is expressed for the assistance given by Dr. I. E. Melhus in the prepara- 
tion of this manuscript. 


521 



522 


PLANT PHYSIOLOGY 


Tanked iron lagged with asbestos. The bottom of each container and the 
top of the boiler are brass plates of an inch in thickness; a hole near the 
top provides for the insertion of the thermometer. 

By means of a cylinder of bakelite eo-axially placed, the ice container 
is divided into two compartments, the outer one, which is about 3 inches 
wide, serving as a guard ring. Bakelite is used on account of its low 
thermal conductivity, lessening the possibility of transfer of heat into the 
cylinder. The cylinder is mounted on a short thin brass ring which is 
soldered to the bottom of the container. The top of the cylinder is 
machined out for a short distance down on the inside so as to contain a 
brass sleeve, which is threaded to mesh with the threads of the edge of the 
brass disk serving as a lid for the cylinder. The lid is slightly concave 
on the lower surface and has a hole in its center into which may be fitted 
a one-holed rubber stopper. Into this stopper is passed a glass tube the 
upper part of which has two bulbs. Two fine index marks are etched on 
the tube, one above and the other below the lower bulb. Further details 
concerning the apparatus may be secured by referring to the original 
articles. 

In series 2 and 3 the oats were not weighed. Whatever oats were 
needed to fill the space between the two layers were used. In series 1 and 2 
the thickness of the layer was 0.94 cm. In part of series 3 the layer was 
1.48 cm. in thickness. 

The general procedure has been adequately given by the junior writer 
and need not be repeated here. In order to make the calculations clear, 
however, it may be well to define some of the terms employed. 

In making measurements in c.g.s. units, the specific gravity of ice is 
taken as 0.9164. For every 0.9164 gm. ice melted in the cylinder there is a 
volume shrinkage of approximately 0.0836 cc., and the water in the tube 
would decrease by that amount. 

The volume of ice water contained by the lower bulb between the two 
marks of one of the tubes used was determined and for one of the tubes 
was found to be 3.87 cc. Therefore (3.87-5-0.0836) x 0.9164 equals the 
number of grams of ice melted in the cylinder during the test. With the 
heat of fusion of ice taken as 79.8 calories per gram, the total quantity of 
heat, Q, passing into the cylinder during the test was (3.87-5-0.0836) 
X 0.9164 X 79.8 =: 3385 calories. This figure is taken as a constant for all 
tests made with a particular tube. The thermal conductivity, k, of the 
grain was then readily calculated from the equation 

, Qd 
^ = AT(t,-t,) 


where : 
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d = thiekness of the specimen 
A =3 area under the cylinder 
T = time in seconds 

ti and t, = temperatures of the lower and upper surfaces of the specimen 

In these studies the temperature of the boiler was maintained at or near 
40° C. The moisture content was determined in the usual manner by 
taking a sample of the oats at the time they were tested. They were sub- 
sequently dried in an electric oven held at 100° C. until there was no fur- 
ther loss in weight. In order to bring the oats up to the approximate 
moisture content desired, a measured amount of water was added to a 
weighed amount of oats and flasks were shaken at intervals for three days. 
At the end of this time the moisture was evenly distributed. All determina- 
tions were run in duplicate and the average taken. 

The oats were of lowar variety and were grown on the Agronomy Farm 
the previous year. 

A speciflc example of the calculations used is as follows : 

Time — ^Mareh 4, 1932 

200 gm. oats + 20 gm. water Percentage moisture = 16.48 

Oats placed in between the boiler and ice compartment 11:00 a.m. 
Q = quantity of heat passing through; A = area; T = time; d = thickness; 
k = specific thermal conductivity. 

^ kA (time) (t, -t;) 


A time (ti-tj) 

3 87 

Q = n naoD ^ 0.9164 X 79.8 = 3385 calories 
U.Uooo 

d = 0.94 cm. 

A = 122.71 sq. cm. 

Times 3639 seconds 


Temp. diff. = 40° C. 

3385 x 0.94 


k = ; 


122.71x3639x40 
Volume of tube no. 2 = 3.87 cc. 


= 0.0001781 


Q= 


8.87 

0.0836 


X 0.9164 X 79.8 = 3385 calories 
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I. Time 

1 : 30 — Tube 3.87 cc. inserted 40° C. 

1:45 40° C. 

2 : 17 — 37 (water at top mark of tube) 40° C. 

2:40 40° C. 

3:00 40° C. 

3 : 18 — 42 (water column at lower mark of tube) 40° C. 

Time, 1 - 1 - 05 = 3665 seconds 40° C. 

II. Time 

3 : 29 — 25 (water column at top mark of tube at start) 

3:45 40° C. 

4:00 40° C. 

4:15 40° C. 

4: 29 — 38 (water column at lower mark) 40° C. 


Time, 1 - 0 - 13 = 3613 seconds. Average temp. 40° C. 


1 Temperature 
I of boiler 


J- Temperature 
of boiler 


Average time 3639 seconds 


Experimental data 

Three series of experiments are reported in this paper: (1) run January 
29 to April 15, 1932; (2) run October 8 to December 16, 1932; and (3) run 
January 6 to March 10, 1933. The first trial is reported in table I. 


TABLE I 

Thermal conductivity or oats or duterent moisture contents. Series 1, January 

29 TO April 15, 1932 


Date 

Moisture content 

Thermal conductivity 

January 29 

% 

9.88 

0.0001527 

February 12 

10.51 

0.0001650 

February 19 

1 11.87 

0.0001668 

February 26 1 

12.34 

0.0001747 

March 4 I 

16.48 

0.0001830 

March 11 

25.23 

0.0001895 

March 18 . 

27.66 

0.0001910 

March 25 

30.32 

0.0002014 

April 1 ... . 

34.35 

0.0002149 

April 8 . 

36.82 

0.0002168 

April 15 . . 

38.38 

0.0002220 


The oats used in series 1 ranged from 9.88 to 38.38 per cent, moisture 
content. The thermal conductivity ranged from 0.0001527 to 0.000222. 
The graph (fig. 1) shows that in general the thermal conductivity increases 
with the moisture content. 
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Fig. 1. Increase in specific thermal conductivity of oats 'with increase in percentage 


of moisture content. 


TABLE II 

Thermal coRiwctivity or oats op dipperent moisture contents. Series 2, October 

8 to December 16, 1932 


Date 

Moisture content 

Thermal conductivity 


% 


October 8 » 

9.54 

0.000153 

December 2 . 

9.72 

0.000159 

November 18 

12.62 

0.000175 

November 11 

13.183 

0.0001771 

November 4 

14.96 

0.000178 

October 28 . 

16.09 

0.000176 

October 21 . . 1 

18.70 

0.0002005 

November 11 . . 

20.14 

0.0001938 

November 18 ... 

20.59 

0.0001971 

December 2 

22.693 

0.0002126 

December 9 . . 

25.107 

0.000222^8 

December 9 . ... 

28.121 

0.0002240 

December 16 

30.385 

0.0002335 

December 16 

32.49 

0.0002455 


In table II and figure 1 it is found that in series 2 there is a general in- 
creased value in the thermal conductivity when the moisture content 
is raised. The range in moisture contents is between 9.54 and 32.49 per 
cent, and the thermal conductivities are found to be between 0.000153 and 
0.0002455. The thermal conductivities of the air dried oats are practically 
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the same in both cases, but the thermal conductivity of the oats with high 
moisture content is considerably higher than given in table I. In the first 
series there were 200 gm. of the oats in a layer 0.94 cm. thick ; in series 2, 
the 0.94 cm. layer was filled with oats and leveled off regardless of the exact 
weight. This apparently produced a more uniformly packed layer. The 
correlation between moisture content and thermal conductivity became 
closer. 


TABLE III 

ThEBMAL CONOUCnVITT OF OATS OF DIFFKBEKT MOISTUBE CONTENTS. SERIES 3, JANUARY 

6 TO March 10, 1933 


Date 

Moisture content 

Thermal conductivity 

February 17 

% 

9.877 

0.0001671 

March 3 . . . 

12.365 

0.0001767 

January 6 . ... 

13.202 

0.0001776 

February 24 

13.50 j 

0.0001701 

February 3 . 

14.37 

0.0001811 

January 20 

15.451 

0.0001840 

January 20 

16.324 

0.0001893 

February 10 

17.094 

0.0001935 

March 10 . . . 

18.073 

0.0001948 

February 10 

19.873 

0.0002000 

February 17 

20.254 

0.0002060 

February 24 

25.862 

0.0002134 

March 3 . 

29.640 

0.0002388 

March 10 . . 

31.786 

0.0002393 


In this series, table III and figure 1, the thermal conductivity of the air 
dried oats (9.877 per cent.) was 0.0001671, a little higher than in the previous 
two series. With a moisture content of 31.786 per cent, the thermal con- 
ductivity had arisen to 0.0002393. The graph drawn from the lowest mois- 
ture content to the highest becomes a straight line. 

Discussion 

In the data submitted and represented graphically in figure 1, series 2 
and 3, the thermal conductivity values increase with the moisture content. 
In table I, weighed amounts of oats (200 gm.) were used. The tempered 
grain, that is, that which had had water added, had to be tamped consider- 
ably in order to get the weighed amount between the boiler and the ice com- 
partment. This no doubt accounts for the deviation in the moisture con- 
tents from 10.51 to 12.34 per cent. In the case of the higher moisture 
contents the oats did not experience as much increased compression as the 
oats with lower moisture contents. 
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In series 2 and 3 the graphs are practically straight, the points are not 
far removed. In this case the layer of oats was tamped as uniformly as pos- 
sible but no effort was made to place in this space a known weight of oats. 

In table III, series 3, and figure 1, the data bearing dates on and after 
February 10, 1933, were secured from those where the thickness of the layer 
of oats used was increased to 1.48 cm. instead of 0.94 cm. as before. In- 
stead of using a tube as large as the one in the other cases the contents were 
cut to 2.479 cm. It took 350 gm. of air dried oats to fill the space. The 
thermal conductivity results secured here are in harmony with t^ose 
secured where the layer of oats was thinner and where the contents of the 
tube were greater. 

It is evident that the moisture increases the thermal conductivity consid- 
erably, but even so the rate of heat movement through either dry or damp 
oats is extremely slow. Stiles determined the thermal conductivity of 
wallboard and found it to be approximately 0.0001150. This value is some- 
what lower than that given for dry oats (0.000153). Even with this dif- 
ference, dry oats makes a rather effective insulating material. 

In Bakke and Noeckbb’s (1) previous publication *on the relation of 
moisture to respiration and heating, it has been pointed out that “heat pock- 
ets” are often formed. These areas are often restricted and well defined 
and are formed through the rapid oxidation of the grain and associated 
micro-organisms and the low thermal conductivity of grain even when the 
moisture content is high. Any method which will dissipate the heat will 
naturally operate against the low thermal conductivity and produce condi- 
tions which will secure a more rapid dissipation of heat. This will make 
for better storage conditions. 


Summary 

The thermal conductivity of dry oats has a value of about 0.000153, and 
increases directly with the moisture content. At a moisture content of 9.88 
per cent., the thermal conductivity is 0.000153 and at 38.32 per cent, moisture, 

0.000222 in c.g.8. units. 

Iowa State College 
Ames, Iowa 
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SULPHUR CONTENT OP PLANTS 

JOHK FBAZBB 

Literature review 

Although it has been known for more than 70 years that sulphur, together 
with other elements, is essential to plant nutrition, the question of the 
sulphur content of plants appears to have received but scant attention. It 
is significant that numerous investigations are now in progress dealing with 
the broad question of cell growth, with special reference to sulphur content 
and to the function of sulphur in such growth. It may well be that more 
information on the subject of sulphur content and its precise rSle in plant 
growth will throw light upon certain obscure phases of the development of 
animal tissue, and eventually become a factor in the solution of the cancer 
problem. 

Before a thorough understanding of the function of sulphur in the growth 
of plants is possible, more information is essential as to the quantity of this 
element in plants and what variations in quantity there may be in the 
course of plant development. 

In 1911 Hart and Peterson (7) demonstrated that plant material con- 
tained much larger amounts of sulphur than had hitherto been suspected, 
and that its occurrence in the soil was less than that of phosphorus. Pbteir- 
soN (12) showed that sulphur occurs in plant and animal tissues chiefly as 
protein, volatile compounds (as mustard oils), and as sulphates. He 
divided the sulphur of plants into four categories, (1) volatile sulphur, 
(2) sulphates, (3) total soluble sulphur, and (4) insoluble sulphur. 

The question of the amount of sulphates in plants has been investigated 
by Arendt, Ulricht, Schulze, Berthelot and Andr4, Fraps (6), and 
Thompson (13), who found wide limits according to the amount in the soil, 
plant part analyzed, and the stage of growth. Other French investigators 
( 4 ) experimented with sulphur and carbon bisulphide in relation to 
increased crop production. 

Miller (10) points out that from 2 to 100 times as much sulphur is 
needed for the growth of plants as was previously supposed. He divides the 
sulphur in plants into (1) protein sulphur (cystine), (2) volatile compounds 
(mustard oil, allyl and vinyl sulphides and mercaptans), and (3) sulphates. 
Miu^R states that in some plants 65 per cent, of the sulphur is in the form 
of sulphates. Plants are incapable of absorbing elemental sulphur. This 
element is fairly evenly distributed in plants and functions as building 
material for the formation of protein. Furthermore it increases the root or 
absorbing system of the plant, the chlorophyll content, and the number of 
nodules of legumes. 
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Cbogker (5), in discussing the necessity of a sulphur carrier in artificial 
fertilizers, refers to a general “sulphur hunger” shown by leguminous 
crops, especially alfalfa, and states that in certain cases the addition of 
sulphur of any sort increased yields from 500 to 1000 per cent., increases of 
50-100 per cent, being common. He adds that the sulphur-treated alfalfa 
plots of Washington and Oregon show the most striking of the responses to 
fertilizers. He suggests that the values for the first sulphur analyses of 
plants were probably low because much of the material was volatilized in 
the process of ashing. 

Crops generally contain about equal amounts of sulphur and phosphorus, 
but in legumes, cabbage, mustard, potatoes, onions, and chives the 
sulphur content exceeds that of phosphorus. Sulphur is necessary as a 
building material. All plant proteins contain sulphur in cystine, and in 
plant proteins the percentage varies between 0.3 and 7.2 per cent. Apart 
from proteins, sulphur enters into other constituents of plants as building 
material, as in mustard oil, mercaptans, allyl and vinyl sulphides of the 
onion and garlic. Sulphur is also important in the formative effects in 
plants, and has been observed to produce a great increase in size and extent 
of the root system of alfalfa, as well as a marked nodule development in this 
plant (IUtz) and also in red clover (Miller), In agreement, Crocker and 
Miller (10), state that sulphur assists chlorophyll development, causes in- 
creased root or absorptive systems in legumes, increased nitrogen fixing ap- 
paratus and carbohydrate manufacturing apparatus. Crocker suggests that 
it may be of great significance in supplying building materials for sulphur- 
rich animal tissues, e.g., hoofs, hair, and nails. Animal proteins, he states, 
are generally richer in sulphur than are plant proteins. He points out 
further that sulphur fertilizer (CaS 04 ) greatly increases yields of cotton 
which, just before blooming time, show a content of sulphur three times as 
much as of phosphorus. Increases in sugar cane crops have been produced 
by Calvino in Cuba, using CaSO* as fertilizer. 

Marsh (9) states that the sulphur content of apple trees is of the same 
order as that of phosphorus. The sulphur curve is correlated directly with 
variations in pH. Sulphur in tomato tissue was 2^-4 times the amount of 
phosphorus, and the nitrogen content doubled that of sulphur. The older 
the tissue the higher was the sulphur content. In cases where sulphur is 
high, phosphorus is low and the amounts seemed to run inversely to each 
other, just as in the ease of apple tree tissues. It has been suggested that 
sulphur may liberate phosphorus from the older tissues for translocation to 
the younger growing tissue. Sulphur seems to parallel pH. Bosa found 


the pH in the tomato to have the following values : 

in plant tips 5.7 

in fruiting region 4.8 
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As the same correlations were found in the apple tree tissues, there must 
exist some fundamental relationship between sulphur, pH, and phosphorus. 
Fertilizer treatments caused much variation in the amounts of phosphorus 
and sulphur present. The addition of acid phosphate markedly increased 
the sulphur and phosphorus content. 

In his paper on the sulphur requirement of the red clover plant, Totting- 
HAM ( 14 ) states that Hart and Tottingham reported increased production 
of dry matter by plants that had received CaSO^ and NajS04 in soil culture. 
Red clover gave greater response to Ca 804 than to Na2S04. Rirz found the 
development of red clover bacteria to be stimulated by the sulphur from 
CaS04. Magnesium sulphate was found to be inferior to sodium sulphate 
or calcium sulphate for red clover in water or sand culture. CaS04 proved 
to be especially efBcient. It was found that a deficiency of sulphur 
restricted growth by limiting the synthesis of protein. 

TABLE I 

Sulphur content or leaves 

(PERCENT AOE OF DRY WEIOHT OF PLANT MATERIAL) 


Sulphur content 


Plant 

Minimum 

Maximum 

Average 

No. OF 
SPECIMENS 

Botanic 

Garden, 

U. of P. 


% 

% 

% 


% 

Picea 

0,030 

0.135 




Finns 

0.000 

0.365 




Tsuga , . . 

0.050 

0.260 

0.138 

10 

0.450 

Abies . 

0.025 

0.260 

0.117 

20 

0.245 

Taxus 

0.015 

0.125 

0.073 

15 

0.350 

Chamaecyparis 

0.075 

0.180 

0.120 

17 

0.350 

Thuja . 

0.030 

0.110 

0.051 

14 



Juniperus 

0.065 

0.115 

0.083 

17 


Cryptomeria . 

0.105 

0.105 

0.105 

3 

0.267 

Cephaloiaxus 

0.120 

0.160 

0.140 

' 2 

0.430 

Cupressus 

0.185 

0.185 

0.185 

i 11 


Thujopsis 

0.060 

0.075 

0.065 i 

3 


Sciadopitys 

0.335 

0,410 

0.370 

3 


Rhododendron 

0.100 

0.275 

0.161 

4 

0.180 

Bums 

0.090 

0.365 

0.191 

30 

0.390 

Mahonia 

0.105 

0.105 

0.105 ! 

1 

0.315 

Eedera 

0.080 

0.140 

0.120 

4 

0.490 

Kalmia 

0.008 

0.075 

0.042 

2 


Bamhttsa 



0.295 

1 

0.353 

Auouba 

0.475 

0.475 

0.475 


0.475 

Magnolia 

0.030 

0.130 

0.080 

2 
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It is interesting and significant to note that workers in this field are in 
agreement as to the influence of sulphur upon growing plants with respect 
to the synthesis of protein. Miller, Crocker, and Tottinqham are appar> 
ently in entire accord on this point. 

Much has been written on the question of injury to vegetation by sulphur 
compounds (11), especially by SOo. It has been found (16) that very 
minute quantities of SO 2 acting for long periods of time are unable to disturb 
the normal growth of plants. Injury from smelter smoke, which has been 
the subject of extensive litigation, is greater immediately after irrigating 
the soil or after rain. The effects of such injury are more noticeable in the 
case of crops whose leaves are near the ground than when the leaves grow 
higher, and, as might be expected, young plants and their young tender 
parts are more seriously affected than older and hardier plants or parts. 

Bbizi (3) found that injury to plants takes place from the exterior and 
not through the roots as a medium. If this be a correct assumption, the 
absorption of sulphur compounds from the atmosphere at once assumes 
added significance and importance. 

The investigation here reported concerning the sulphur content of plants 
included particularly a study of the degree to which plants are capable of 
absorbing sulphur from prevailing atmospheric gases. It will be observed, 

TABLE II 

Seasonal variation in sulphur content 
(percentage of dry weight of plant material) 


Plant 

May 30, 1932 
(Outdoor Arts 
Co.) 

November to January, 

1933 

(Morris Arboretum) 

Pinus mugo .... 

Pinus austriaca 

% 

0.050 

% 

0.050 1 


0.115 

0.045 1 

November 28, 

Pinvs flexilia . ... 

0.115 

0.070 

1932 

Pin%i8 denaiflora ... 

0.095 

0.075 , 


Chamaecyparia obtuaa .. . 

0.075 

0.135 


Chamaecyparia crippaii . 

0.100 

0.105 


Chamaecyparia filifera 

0.110 

0.080 


Chamaecyparia aquarroaa .. 

0.145 

0.150 


Chamaecyparia piaifera 

0.090 

0.160 1 


Chamaecyparia plumoaa 

0.165 

0.100 

January 30, 

Taxua haccaia 

0.090 

0.060 

1933 

Taama cuapidata 

0.085 

0.020 


Tauga canadensis 

0.170 

0.195 


Thuja ooddentaZia 

0.040 

0.010-0.050 


Juniperus chinensia 

0.090 

0.100 


Juniperm argentea ... 

0.080 

0.070 


Juniperus pfitseriana 


Averasre 

0.101 

0.095-0.098 






FBAZER: SUIiPHUR CONTENT OF PLANTS 


533 


TABLE III 

SULPHUE content OV LEAVES 
(PERCENTAGE OF DRV WEIGHT OF PLANT MATERIAL) 



Plant 

Chestnut Hill, Pa. 


■ Hydrangea 

% 

0.570 


LUac 

0.100 

Deciduous trees • 

Apple 

0.050 


Privet 

0.330 


Maple 

0.225 


’ Tobacco leaves 

0.360 


Violet sp. 

0.185 

Herbaceous herbs ^ 

Cauliflower stem 

0.495 


Jonquil leaves 

0.170 


ConvaXlaria leaves 

0.135 


in the tables which are presented here, that there is considerable difference, 
sometimes marked, in the sulphur content of plants of the same kind when 
taken (a) from a locality in which the atmosphere is free from sulphurous 
gases; and (b) from a locality where these gases are prevalent in varying 
concentrations, as for example, the central section and suburbs of a large 
manufacturing city where smoke and gases pollute the air. 

Investigation 

Comparisons of analogous species from different localities were made. 
The analyses reveal but slight variations in sulphur content, whether the 
specimens were taken during the dormant season or during the period of 
active growth. 

Procedure. — Each sample was first freed from dust and any mechani- 
cally adhering matter. It was then carefully dried in a Preas electric oven 
at a temperature not exceeding 108® C. The leaves or needles were then 
separated from the woody part of the branch and bottled in glass-stoppered 
bottles to prevent the absorption of moisture or the effects of laboratory 
fumes. 

For each analysis approximately 2 gm, of the material were used, the 
weight being taken on a delicate balance. The sample was placed in a 
porcelain evaporating dish, covered with distilled water, and 10 cc. of pure 
nitric acid (sp. gr. 1.42) added. The evaporating dish was then placed on 
a water bath for 2.5-3 hours until evaporated to complete dryness. To the 
residue were added about 40-50 cc. of boiling water and 2-3 drops of con- 
centrated hydrochloric acid in order to dissolve any soluble matter. This 
was then filtered into a beaker through no. 42 Whatman filter paper and 
the precipitate washed thoroughly with boiling water. 
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The filtrate was then brought to boiling and a slight excess of barium 
chloride solution added while stirring. The precipitate and solution were 
covered and allowed to stand for at least 12 hours, usually overnight, to 
permit the precipitate of barium sulphate to settle completely. 

The solution was again filtered and the precipitate carefully washed with 
boiling water, dried, and ignited in a weighed Sillimanite porcelain Crucible 
which was then placed in a desiccator for several hours before weighing. 
From the weight of the barium sulphate the weight of sulphur was calcu- 
lated, and from the latter the percentage in the original sample was deter- 
mined. 

Conclusion 

The results indicate that certain species of coniferous plants and others 
obtained from localities where there is distinct atmospheric contamination 
from factories, chimneys, etc. contain several times as much sulphur as 
corresponding species from a region where the influence of such atmospheric 
pollution is nil, or so slight as to be negligible. 

To the Director of the Botanic Garden and of the Morris Arboretum of 
the University of Pennsylvania, from which sources numerous specimens 
were supplied for this investigation, the writer expresses his grateful appre- 
ciation. 

University or Pennsylvania 
Philadelphia, Pa. 
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BIOCHEMICAL PHASES OP OLEOBESIN PEODUCTION^ 
Eloise Gbbilt i.KX> J. A. Hall 
(with foxtb figures) 

The key position of naval stores production in the profitable utilization of 
the more than 50,000,000 acres of longleaf and slash pine lands of the south- 
eastern United States puts a premium upon exact and comprehensive knowl- 
edge of the biochemical facts which underlie successful oleoresin production. 
Oleoresin, or gum, the source of naval stores, exudes from cuts on living 
pines, from their earliest seedling stage. A cut into a young sapling, for 
example, illustrates the abundance of the exudation. The exudate is not the 
sap of the tree in the ordinary sense of the term, however, nor does it come 
from the ordinary sap-eonducting tissues as does the watery solution of the 
exuding maple sap. 

The exudation of oleoresin comes from areas of parenchyma cells in the 
outer sapwood next to the bark (fig. 1). These parenchyma cells contain 
active functioning protoplasm for a longer period than the associated fibrous 
cells which conduct the watery sap. The parenchyma cells also manufac- 
ture, transform, translocate, and store many different compounds, including 
sugars, tannins, and starch, Resin passages, the so-called resin ducts, are 
spaces which arise in the midst of clusters of parenchyma cells by a separa- 
tion or splitting apart of the cells (schizogenous not lysigenous origin). It 
is from these that the oleoresin collected in turpentining wells out in drops 
(fig. 2, A). The chipping practiced by the turpentine operator is a fresh- 
ening of the wound or cut made in the sapwood, which causes a continued and 
even augmented exudation of oleoresin. 

Resin passages are an outstanding characteristic of all pine wood, but 
they reach an optimum development in slash {Pinus caribaea) and longleaf 
(P. pahistris) pines. They extend both vertically and horizontally in the 
tree. The two systems frequently connect with each other and with the 
rays (also parenchymatous in nature) at different levels, thus forming an 
extensively anastomosing system which is also connected with the paren- 
chyma tissues of the phloem or inner bark through which compounds elabo- 
rated in the leaves are translocated (fig. 1). 

Resin passages are more numerous than is often realized. Recent micro- 
scopical investigations at the Forest Products Laboratory have shown (7) 

1 Contribution from the Forest Products Laboratory, maintained at Madison, Wis- 
consin, in cooperation with the University of Wiscoxunn. 

This paper was presented before the IHvision of Agricultural & Food Chemistry at 
the annual meeting of the American Chemical Society, St. Petersburg, Florida, March, 
1984 . 
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Figs. 1-4. Pig. 1 : Microscopical view of cross section of pine wood showing vertical 
resin passages (p) at center of groups of parenchyma cells; rays (r), including a wide 
ray with a horizontal resin passage connecting a vertical resin passage with the inner 
bark or phloem (b) rich in stored material; and the wood tracheids or fibers (/) which 
function in water conduction. Fig, 2: A, heavy exudation next bark obtained from the 
increased number of wound-induced resin passages ; wood above the face or wound on 
a turpentined pine ; b, normal wood formed before turpentining ; a, two years of growth 
during turpentining showing great increase in number of resin passages. Fig. 3 ; .4, cross 
section of normal southern pine wood (slash pine) ; o, portion of one annual growth 
ring; b, springwood; d, summerwood; e, resin passages; wood formed by same tree 
over face during turpentining, containing greatly increased number of resin passages; 
a, portion of one annual growth ring. Fig. 4: Diagrammatic drawing of pine wood struc- 
ture showing horizontal resin passages {hrd) and vertical resin passages (vrd) and the 
connections frequently found between them. Also springwood fibers (sp), summerwood 
fibers and rays (wr, fwr). 
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that in slash pine on the averag^e more than 450 horizontal resin passages 
were present per square inch of tangential surface (fig. 4), The number 
present in various specimens ranged from about 250 to 800 per square inch. 
The exudation from these horizontal resin passages is more directly utilized 
in the French method of turpentining than in the American, because a rela- 
tively greater area of tangential surface is regularly freshened owing to the 
shape of the French wound or face. 

The vertical resin passages, which are much larger than the horizontal 
passages, number about 200 per square inch of cross section in normal wood. 
This number ranges from about 70 to 400 per square inch. In wood formed 
above the face during turpentining the number of vertical resin passages 
may be increased in varying amounts up to more than tenfold the normal 
number (fig. 3). The induced increase of resiniferous tissues by wounding 
is of considerable importance since a large proportion of the yield obtained 
after the first year of turpentining comes from it (fig. 2, A). The effect of 
the wound may extend vertically for 10 to 20 feet above the face and is 
clearly registered in the structure of the wood formed above the face. The 
wound response is limited to a few inches circumferentially, however, 
although characteristic traumatic structures are apparent in the rolls of 
healing tissue formed at the sides of the face. They often offer a rich source 
of oleoresin when trees are back-cupped during successive workings. 

Investigations other than chemical have dealt to date with anatomical 
and physiological studies of the normal character of resiniferous tissue in 
virgin and second-growth trees, and with the responses induced by different 
types of wounding. The work now in progress is a joint attack, using in 
addition cytological, microchemical, and biochemical techniques to deter- 
mine the character and sequence of changes in the compounds which underlie 
oleoresin formation. 

Oleoresins are biological materials, products of the living protoplasm, 
and therefore referable to the original products of photosynthesis for their 
ultimate chemical derivation. It must be said that here, however, as with 
most other complex substances of vegetable origin, not one step is yet known 
with certainty in the complex processes by which the pine tree elaborates 
oleoresin. But if empirical experimentation in forest management and 
turpentining is to be firmly grounded, all possible information must be 
obtained concerning the biochemistry of oleoresin formation. 

Although technologically pine oleoresin has usually been considered as 
merely a solution of resin acids in a mixture of terpenes, such a concept does 
not suffice in an investigation of this kind. As a product of vital processes, 
oleoresin might be expected to contain small quantities of materials not yet 
completely elaborated, the careful examination of which may throw consid- 
erable light on the processes immediately preceding the excretion of the oleo- 
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resinous mixture. A part of this investigation therefore involves the thor- 
ough examination of substances in the oleoresin other than terpenes and resin 
acids, particularly such materials as are soluble in water. 

The place of excretion of the completed oleoresin is known, as has been 
indicated (fig. 2), although the mechanism of the process is unknowm. 
Similarly the processes by which assumed complex oleoresin precursors are 
translocated are unknown, as well as the seat of formation wdthin the tree 
of these assumed complexes. A second phase of this investigation, therefore, 
involves the chemical examination of the tissues of the pine which are appar- 
ently concerned in oleoresin formation. A definite search is being made for 
substances which may be defined as oleoresin in process of formation. 

Such a concept is by no means original, although comparatively little 
evidence has hitherto been brought forward in support of it. Kohler (8) 
found certain resinous secretions in Picea excelsa^ which were subject to 
rapid and spontaneous change upon exposure to the air. He postulated an 
aldehydic or camphoraceous precursor, CioHjoO, which was secreted as such, 
and changed to the mixture of resin acids and terpenes outside of the living 
cells. 

Dupont (4) developed an ingenious formulation, viz., 

3 C,oH,,0 = CioH.e + + H^O. 

The elaboration of this equation explains very satisfactorily the propor- 
tions of resin acids and terpenes found in the oleoresins from Finns maritima 
and P. halepensis, in which the ratio of rosin to turpentine approximates 
closely the 69 : 31 ratio required by Dupont^s equation. However, numerous 
pines do not approximate this composition in their oleoresins ; slash and long- 
leaf oleoresins run. more nearly a ratio of 80: 20 (1). It is also true that 
there is appreciable variation in turpentine content between individual trees. 
Further, it must be considered that any such mechanism must also explain 
the fact of the existence of n-heptane as the volatile ingredient of oleoresins 
from P. jeffreyi and P. sabiniana, as well as the large proportions of sesqui- 
terpene in the oleoresin of P. longifolia. In short, although the assumption 
of some common precursor of volatile and non-volatile components of oleo- 
resin has a logical basis, it does not seem that so simple a balance as indicated 
by Dupont can explain the facts of oleoresin composition throughout the 
genus Finns. 

Devaux and Barques (3) showed that the oleoresinous materials were 
not entirely localized in the resin passages of the wood and in the cells 
bordering them. The living parenchyma cells of the wood and phloem are 
connected with the resin passages through the rays (fig. 2) which allow trans- 
location of the materials which are concerned in oleoresin production. Note- 
worthy is the statement of Devaux and Barques that the secretion is acidic 
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only in the canals and generally neutral in the living cells. The change is 
said to occur when the resin reaches the canal, although it may occur pre- 
maturely. 

Glichitch and Naves (5) call attention to the difference in sesquiterpene 
content of ylang-ylang oils obtained by steam distillation and petroleum 
ether extraction. The very low content of sesquiterpenes in the latter leads 
them to suggest that the sesquiterpenes may arise during the distillation 
process from substances insoluble in petroleum ether and non-volatile with 
steam. 

There is further the evidence of Bridel (2) concerning the existence of 
glucosides of geraniol, which gives a clue to the possible nature of the 
mechanism by which substances insoluble in cell sap are held in solution by 
means of glucosidal combinations. 

A recent theoretical study (6) showed the probable derivation of the 
terpenes from underlying hydroxylated bodies. A similar type of gen- 
eralization doubtless holds for the resin acids although sufficient examples 
of known structure are not yet available to warrant their classification. 
Such assumptions seem more warranted than the well known isoprene 
polymerization in that nothing has been observed indicating the existence 
of isoprene in nature, nor has it been formed in vitro by means analogous 
to those of biological reactions. 

From these considerations, the search for oleoresin precursors both in 
the oleoresin and in the tissues of the tree has been primarily for glucosidal 
materials, water-soluble and resolvable into oleoresinous constituents and 
sugars. The difficulties of this work are apparent, since it involves the 
isolation of very small quantities of delicate compounds from very large 
quantities of starting material by means sufficiently gentle to avoid decom- 
position. While no single phase of the problem may be regarded as com- 
pleted, considerable progress has been made which is briefly reported here. 

The oleoresin itself contains small quantities of highly complex glucosidal 
material which is soluble in w^ater and can be obtained by treatment of the 
oleoresin with w^ater. The original clear, light, aqueous extract soon deposits 
a black, amorphous precipitate which is now insoluble in w^ater but soluble 
in alcohol. This substance is easily hydrolyzed, yielding a large proportion 
of acidic bodies of a resinous nature. "While these substances cannot yet be 
identified, since they have been available to the extent of only a few grams, 
their color reactions are those of the acids of rosin, and it is extremely 
probable that they belong to this class of substances. 

The solution from which this dark precipitate has been obtained still 
contains a considerable quantity of material in solution. By extraction with 
ether, a substance is obtained which is instantly hydrolyzed by very dilute 
acid. It yields a resin acid, a volatile oil, and a water-soluble body. The 
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last may be broken up further into a sugar and a resin acid. The sugar is 
remarkable in that it reduces Fehling's solution in the cold, and reacts with 
phenylhydrazine very quickly in the cold, yet it is not an uronic acid. It is 
highly reactive and tends to polymerize to unworkable complexes on very 
slight provocation. 

Complete interpretation of these results is still far distant, and must 
await considerably more material and effort. However, they suggest very 
definitely the presence in the oleoresinous exudate of glucosidal complexes 
of resin acids, volatile oil, and reactive sugars, very easily broken up and 
very sensitive to slight changes in environment. 

Investigation of slash pine tissues has so far been confined to the phloem, 
since, as was pointed out, this seems to constitute a rich reserve tissue (fig. 2), 
physiologically closely related to that immediately concerned with produc- 
tion of the oleoresin in the resin passages of the wood or xylem. While a 
rather complete phytochemical survey of this material has been made, it will 
suffice in this connection to point out only the occurrence in the phloem of 
glucosidal complexes of exactly similar nature to those obtained from the 
oleoresin itself ; that is, a glucoside soluble in both water and ether, yielding 
to very mild acidic hydrolysis in the cold, resin acid, volatile oil, and the 
same resin acid-sugar complex as obtained from the oleoresin. 

It is regretted that further data on the constitution of these substances 
cannot be given at this time, but their extremely complex nature makes neces- 
sary the preparation of further quantities of material for more complete 
investigation. It is believed, however, that the attack thus far has been 
justified and has yielded considerable chemical substantiation of the anatom- 
ical evidence of functional connection between resiniferous tissues of both 
phloem and xylem, and thrown considerable light on the processes preceding 
the excretion of oleoresin at the wounded surface. 

At present the picture presented is of a large complex of resin acids and 
terpenes combined with sugars, the whole being thus soluble in the elaborated 
sap of the parenchyma cells and translocated as such to the neighborhood of 
the area of excretion, where it is resolved by a mechanism still obscure. 

In conclusion, it may be pointed out that the demonstrated presence of 
these highly reactive, water-soluble bodies in the oleoresin contributes in no 
small degree to the variations in color of manufactured rosins, and is thus of 
considerable technological importance. 

Forest Products Laboratory 
Univebsity or Wisconsin 
Madison, Wisconsin 
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SOME EFFECTS OF THE PHOTOPEBIOD ON DEVELOPMENT OF 
IMPATIENS BALSAMEA^ 

J. Peery Avstin 
(with two figuees) 

Introduction 

In 1920 Garner and Allard (1) discussed the influence of length of the 
daily light period on flowering. A later paper by the same investigators ( 2 ) 
recorded further observations of its effect on flowering and other phases of 
plant development. 

Garner and Allard (1) proposed two terms, photoperiodism, ‘‘to desig- 
nate the response of an organism to the relative length of day and night,” 
and photoperiod, “to designate the favorable length of day [for flowering] 
for each organism.” Photoperiodism appears frequently in the literature 
on the subject. Shortly after the term photoperiod was proposed, however, 
it was observed that the length of the daily light period also influences phases 
of plant development other than reproduction. The term thus became un- 
serviceable and apparently has never been used since. To make it useful 
and to give it a logical relation to the term photoperiodism, it is therefore 
suggested that photoperiod be used to designate the daily period of illumina- 
tion under the influence of which an organism is developing. It is so used 
in this paper. 

The experimental work here reported was carried on from the middle of 
March to the first of August, 1932. Plants of Impatiens balsamea, variety 
White Perfection, were grown in pots in the greenhouse and were subjected 
to photoperiods of 8, 16, and 20 hours, and normal. The normal photoperiod 
(sunrise to sunset) during the experiment ranged from 12 hours at the be- 
ginning to approximately 15 hours at the end. The plants were all kept in 
one section of the greenhouse during the day to secure as nearly uniform 
conditions of light intensity and temperature as possible. Eight hours after 
sunrise one lot of plants was removed to a ventilated darkroom until after 
dark when they were returned to their original places. Late in the after- 
noon two lots were removed to other sections of the greenhouse where they 
received electric illumination from sunset until 8 hours and 4 hours before 
sunrise, giving 16- and 20-hour photoperiods respectively. The intensity of 
the artificial light was approximately 125 foot-candles at the apices of the 
plants, as measured by the MacBeth illuminometer. The plants receiving 
artificial light were returned to their original places early in the morning. 
During the cooler weather at the beginning of the experiment the tempera- 

1 Paper from the Department of Botany, XJniversity of Michigan^ no. 467. 
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ture was kept between 18® and 23® C., day and night; during the late spring 
and summer, however, the temperature often rose to 30®~35® 0. about noon. 
The temperatures of the darkroom, and auxiliary sections were approxi- 
mately the same as in the main compartment. 

Investigation 

In general, the plants subjected to the 8-hour photoperiod appeared much 
less vigorous vegetatively than did those under the longer photoperiods. 
The flowers and seed pods were about half the size of the others. The seeds 
produced by the former were of normal size, but there were fewer seeds per 
pod than under the longer photoperiods. 

Effect of length of photoperiod on leaf area 

At intervals during the experiment, certain leaves were removed from 
groups of ten plants each from those growing under the various photo- 
periods. Blue-prints were made of the leaves and their areas were measured 
with a planimeter. The average areas are tabulated in table I. The first 
leaf’’ is the lower of the two plumule leaves. 

TABLE I 

Area in square cm. op certain leaves prom plants op luPATiEsa balsauka grown 

UNDER VARIOUS PHOTOPERIODS 


Age of plants 

Length op photoperiod 

8 HOURS 

Normal 

16 HOURS 

20 HOURS 


sq. cm. 

sq, cm. 

sq, cm. 

sq, cm. 



Cotyledons 


14 days 

2.1 ± 0.1 

2.9 ± 0.1 I 

2.9 ± 0.1 

3.2 ± 0.1 

27 days 

1.8 ± 0.1* 

2.8 ± 0.3* 

3.1 ± 0.3 

3.8 ± 0.1 



Plumule leaves 


14 days 

1.4 ± 0.1 

3.0 ± 0.1 

3.0 ± 0.1 

3.3 d: 0.1 

27 days 

3.0 ± 0.1 

6.9 ± 0.2 

7.6 0.3 

7.7 ± 0.3 



First leaf 


41 days . 

3.4 dt 0.2 1 

1 6.3 ± 0.4 1 

6.4 ± 0.3 

6.1 ± 0.2 

55 days 

3.6 ± 0.1 

6.2 ± 0.4* 

6.4 ± 0.4 

5.7 ± 0.2* 



Fifth leaf 


41 days . . . 

5.2 ± 0.4 

10.2 ± 0.4 

11.2 ± 0.5 

8.3 ± 0.6 

55 days . 

4.9 ± 0.3* 

9.8 =t 0.3* 

12.5 ± 0.6 

9.8 ± 0.4 



Tenth leaf 


55 days „ 


8.1 ± 0.5 

1 9,7 ± 0.7 

9.8 ± 0.7 


* The areas given are averages of leaves from ten plants of a particular age. The 
areas given for the leaves from plants of different ages are based on averages of different 
plants; hence the apparent decrease in area in the starred instances. 
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From the data it is clear that the differences between the areas of leaves 
developed under the three longer photoperiods are not sufSciently great to 
be significant. On the other hand, in every instance the leaves developed 
under the 8-hour photoperiod are markedly smaller than the others. 

Effect of length of photopbeiod on budding and flowering 

The plants were examined daily, and the dates when the flower buds flrst 
became visible and when the first flower opened on each plant were recorded. 
The data on age at budding are tabulated in table II. The columns headed 
“frequency” indicate the number of plants on which flower buds appeared 
at the age in question. 

TABLE II 

Age at which FLOWXB BHDS APPEAXKD on plants or lunTiexti BAt.SAUKA. GROWN UNDER 
VARIOUS PHOTOPERIODS. COLUMNS HEADED "FREQUENCY” INDICATE NUMBER 
or PLANTS ON WHICH BUDS APPEARED AT THE AGE IN QUESTION 



The average ages at budding under the 8-hour and under the normal 
photoperiods do not differ significantly. The same is true of the average 
ages at budding under the 16- and 20-hour photoperiods, budding occurring 
considerably later than under the two shorter photoperiods. 

Table III contains the data on age at flowering. The average ages at 
flowering under the various photoperiods bear the same relation to one an- 
other as do the ages at budding. Furthermore, a comparison betwemi the 
average ages at budding and at flowering (table lY) shows that the number 
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TABLE III 

Age at which first flower opened on plants of Iupatisns HALSAUtiA GROWN UNDER 

VARIOUS PHOTOPEBIODS 


Length or photoperiod 


8 hours I 

1 Normal 

16 hours 

1 20 hours 

Age 

Frequency 

Age 

Frequency 

Age ! 

Frequency 

HEISI 

Frequency 

43 

3 

43 

1 

62 

1 

77 

1 

44 

1 

44 

1 

67 

1 

84 

4 

45 

4 

46 

4 

j 75 

1 

86 

2 

46 

5 

47 

7 

1 85 

3 

87 

11 

47 

9 

48 

7 

f 87 

14 

90 

2 

48 

3 

49 

15 

89 

2 

91 

4 

49 

8 

50 

10 

91 i 

4 

92 

1 

50 

6 

51 

6 

95 

1 

93 

1 

51 

4 

52 

2 

97 

1 

99 

2 

52 

1 

53 

3 

101 

1 

100 

1 

53 

4 

54 

1 

1 103 

1 

106 

1 

54 

5 

57 

2 

106 

1 

108 

1 

55 

1 

59 

1 

1 109 

1 

115 

1 

56 

2 

61 

I 

1 110 

1 

125 

1 

58 

1 



! Ill 

1 

132 

1 





112 

1 

136 

1 





115 

1 


1 





130 

1 



Av( 

erage age at flowering 






49 

.2 ± 0.3 1 

1 49. 

.6 ± 0.3 

92. 

0 ± 1.4 

92.8 ± 1.6 


of days from budding to flowering is practically the same under all four 
photoperiods. This indicates that in Impatiens ialsamea the effect of the 
length of the photoperiod with respect to the reproductive phase of develop- 
ment is on the initiation of the flower buds, the development of the flower 
from the bud being unaffected. 


TABLE IV 

Belation between average age at flowering and at budding 


Length of photoperiod 


1 

8 HOURS 

Normal 

16 HOURS 

20 HOURS 

Age at budding 
(in days) 

21.8 ± 0.1 

22.8 ± 0.1 

62.7 0.7 

64.5 ± 0.95 

Age at flowering 
(in days) 

49.2 ± 0.3 

49.6 ± 0.3 

92.0 ± 1.4 

92.8 ± 1.6 

Days from budding 
to flowering 

27.4 ± 0.3 

26.8 ± 0.3 

29.3 ± 1.6 

28.3 ± 1.9 
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The facts that the average age at budding under the 8-hour photoperiod is 
the same as under the normal, and that the average age at budding under the 
16-hour photoperiod is the same as under the 20-hour, suggest that some- 
where between 12 and 16 hours there must be a critical length of photoperiod. 

Effect op length op photoperiod on development of main axis 
The height of the main axis was measured at approximately weekly inter- 
vals. The average heights at definite ages are tabulated in table V together 
with the number of plants upon which each average is based. The data are 
presented graphically in figure 1. The average ages at budding and at 



Fiq. 1. Belation between length of photoperiod and development of main axis in 
terms of average height at weekly intervals. Curves «, b, e, and d represent average 
heights of plants grown under 8-hour, normal, 16-hour, and 20-hour photoperiods respec- 
tively. B», ao indicate time of budding (average) under respective photoperiods. 
Fg, n. i«. >0 indicate time of flowering (average) under the corresponding photoperiods. 

flowering are also indicated. The height attained is greater under succes- 
sively longer photoperiods up to 16 hours ; a 20-hour photoperiod resulted 
in slightly but consistently shorter plants than those under the 16-hour 
photoperiod, which must therefore be approximately the optimum for 
development of the main axis. 

A consideration of the average height attained at various ages relative 
to the height at budding (fig. 2) emphasizes the fact that at the time the 
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PiQ. 2. Percentage of height attained at weekly intervals on basis of average height 
at budding (average) = 100 per cent. Curves a, b, c, and d represent percentage height 
at budding attained bj plants grown under S-hour, normal, 16-hour, and 20-hour photo- 
periods respectively. 

flower buds appeared the plants grown under the 8-hour photoperiod had 
attained approximately one-fourth of their total height; those under the 
normal photoperiod, one-eighth; and those under the 16-hour and 20-hour 
photoperiods, one-half of their total height. This seems to indicate a con- 
siderable degree of independence between the effect of the length of the 
photoperiod on stem development and its effect on budding. 

Discussion 

With respect to the effect of the length of the photoperiod on flowering, 
the preceding data indicate that Impatiens balsamea is intermediate between 
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TABLE V 

AvEBAQB BBIOHT, at weekly intervals, or PLANTS or luHTtBve aniSiuaA OBOWN TINDER 

VARIOUS PEOTOPERIODB 


Length or photopbriod 


Age 

8 HOURS 

Normal 

16 HOURS 1 

20 HOURS 

No. OF 
PLANTS 

Average I 

HEIGHT 

No. OP 
PLANTS 

Average I 

HEIGHT 

No. OF 
PLANTS 

Average 

HEIGHT 

No. OF 
PLANTS 

Average 

HEIGHT 

days 


cm. 


cm. 


cm. 


cm. 

7 

92 

2.6 

94 

2.6 

93 

3.3 

89 

2.9 

14 

90 

3.3 

91 

3.8 ! 

92 

5.5 

87 

4.7 

22 

76 

4.4 1 

79 

5.0 ' 

80 

7.0 

74 

6.1 

28 

68 

5.6 

71 

7.1 

72 

8.9 

65 

7.4 

35 

67 

8.0 , 

71 

11.0 

72 

11.4 

65 

9.7 

42 

57 

10.3 

61 

19.5 

62 

14.8 

55 

13.5 

50 

55 

13.3 

59 

29.4 

60 

20.2 

53 

19.0 

56 

47 

13.9 

51 

32.1 

52 

22.3 

45 

21.1 

64 

41 

14.8 j 

! 46 

35.8 


26.8 

40 

25.6 

70 

46 

15.2 ; 

51 

36.6 

1 50 

31.4 

45 

29.2 

77 , 

25 

15.5 1 

1 


!| 29 

38.1 

28 

33.8 

91 

36 

15.9 

; 40 

38.8 

40 

40.9 ! 

40 

38.4 

99 

26 

16.3 

i 29 

38.9 

' 30 

42.9 1 

30 

41.7 

105 



I 28 

39.2 

o 

CO 

44.4 

30 

43.2 

112 



! 25 

40.5 

29 

46.7 

30 

45.1 

119 





17 

47.8 

15 

46.4 

126 





13 

48.8 

15 

46.8 


the long-day and short-day types of plants which flower onlj’’ under rela- 
tively long and short photoperiods respectively. 

Although the data suggest a number of lines of speculation, it seems best 
to defer extensive interpretations until similar data from other plants are 
available. 


Summary 

Plants of Impatiens balsatnea were grown under 8-hour, normal, 16-hour, 
and 20-hour photoperiods and data obtained on leaf area, age at budding 
and flowering, and development of the main axis. The data bring out the 
following facts in regard to the response of this species to the length of the 
photoperiod : 

1. The leaf area is approximately the same under the three longer photo- 
periods but is much less under the shortest one. 

2. The effect of the length of the photoperiod on the time of flowering is 
primarily through its effect on the initiation of flower buds. 

3. There must be a critical length of photoperiod, between 12 and 16 
hours, with respect to the age at which flower buds are initiated. 
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4. The optimum length of photoperiod for stem development is appar- 
ently about 16 hours. 

5. The effect of the length of the photoperiod on budding seems to be 
independent of the effect on stem development. 

This work was done under the direction of Dr. P. G. Gustafson. 
University op Michigan 
Ann Arbor, Michigan 
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FACTORS RENDERING THE PLASMOLYTIC METHOD INAPPLI- 
CABLE IN THE ESTIMATION OP OSMOTIC 
VALUES OP PLANT CELLS" 

Elizabeth C. M. Ernest 
(with two figures) 

In 1884 DE Vries (10) introduced a new method, that of determining 
tlie osmotic value of plant cells by immersion in solutions of known concen- 
trations of cane sugar or potassium nitrate. He determined the concentra- 
tion of each solute which would bring about plasmolysis or the withdrawal 
of the protoplasm from the walls of the cells. He reasoned that all solu- 
tions inducing the same minimum degree of visible plasmolysis of cells must 
be of equal strength. Various aspects of the phenomenon of plasmolysis 
have been elaborately studied since then by de Vries (11), Pitting (4), 
Hannig (6), Iljin (8), Hofler (6, 7), Ursprung and Blum (9), Beck 
(1, 2), Weber (12, 13), and many others. These workers have interpreted 
the results obtained by this method as furnishing adequate data for the 
estimation of the osmotic value of the cell sap. 

Objection may be raised to this interpretation on two grounds. In the 
first place, the material used by de Vries, and by most of his followers, 
cannot be considered to have been in normal, uninjured condition. Thin 
sections were prepared for microscopic examination by sectioning, thus 
subjecting the cells to the deleterious osmotic and other actions of sap 
exuded from adjacent ruptured cells. That this influence may be impor- 
tant has been pointed out elsew^here (3). Moreover, the phenomenon com- 
monly designated as plasmolysis, although usually regarded as purely 
osmotic in nature, may be induced by several other causes. Mechanical 
injury induced by pressure brings about a contraction of the protoplasm 
wdiich in its early stages resembles plasmolysis and which is often reversi- 
ble if the injury is slight. It passes through a plasmolysis-like stage to an 
irreversible granulation if the pressure is considerable or of long duration. 
Strong light (13) and high temperature likewise cause retraction of the 
protoplasm from the cell walls, and light and temperature conditions which 
are not markedly injurious may influence the time required for plasmolysis. 

In the second place, the assumption made by Ursprung and Blum (9), 
and with few exceptions accepted without experimental proof by subsequent 
workers, that the cell contents and applied solution come into equilibrium 
within 20-30 minutes, can be shown to be untenable both on theoretical 

I This work was done at the Imperial College of Science and Technology, London. 
The writer wishes to express her thanks to Professor V. H. Blackman for his interest 
and advice. 
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grounds and on the basis of experiments such as those to be presented here. 
An uninjured protoplast, when immersed in a hypertonic solution, will lose 
water to the solution at a rate proportional to the difference between the os- 
motic pressure of the external solution and that of the cell contents. The rate 
of water loss from the cell will decrease as the internal osmotic pressure, owing 
to concentration of the sap by loss of water, increases to a value nearer that 
of the outer solution. A protoplast, immersed in any given solution and 
showing at any arbitrarily chosen moment incipient plasmolysis, may there- 
fore subsequently contract further and may even reach the completely 
‘‘ balled stage if observed for a long enough time. A persistent incipient 
plasmolysis is an unattainable state. The factors which H6fler (7, p. 301) 
enumerates as determining the decrease in size of a protoplast in a given 
solution, namely, conditions of approach of the solution to the cell, permea- 
bility of the cell wall to the dissolved substance in the plasmolyticum, pas- 
sage of water through the plasma from the cell sap, etc., may also affect to 
some extent the plasmolysis time ( i.e., the time before the first appearance of 
plasmolysis) of comparable cells in different solutions. Persistent plasmoly- 
sis is not only unattainable, but it would also appear useless to assign an arbi- 
trary time limit after which approximate equilibrium between the cells and 
the plasmolyticum should be assumed, and meaningless to give plasmolysis 
results in terms of both concentration and time. 

In the present work an attempt has been made to rule out the first 
objection, and to evaluate the significance of the second. Sections were 
replaced by ‘ ‘ strip preparations, as discussed elsewhere (3). Cells which 
were uninjured and which had not been in contact with injured cells were 
obtained in the following manner. A sharp scalpel was inserted obliquely 
into the surface tissues of the leaf or other organ to be studied and the 
epidermis torn away. This was in many cases accompanied by a single 
stratum of mesophyll cells which had been subjected to no injurious influ- 
ences other than the slight strain involved in separating them from the 
subjacent tissues. Only cells situated at least three cells distant from the 
periphery of the preparations were examined, since the behavior of cells at 
the periphery is always anomalous. Strips prepared in this way were cut 
into convenient lengths, immersed in sugar solutions of graded concentra- 
tion, and the time elapsing between immersion and the first appearance of 
plasmolysis recorded. 

The validity of the plasmolytic method as a measure of the osmotic 
value of the cell sap, assuming that uninjured cells have been used and 
mechanical and pseudo-plasmolytic factors are ruled out, rests on the 
assumption that a relation exists between concentration of plasmolyticum 
and time required for completion of plasmolysis such that a definite con- 
centration can be determined above w hich plasmolysis occurs within a brief 
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time while below this concentration plasmolysis will not occur even after 
a long period. Such a condition is illustrated in the ideal curve of figure 
1, A. Here plamolysis would not occur after any length of timo! in a 
plasmolyticum of 0,450 M concentrations, while at all concentrations above 
0.470 M plasmolysis w'ould be evident within 20 minutes after immersion. 
Figures 1, B and 2 illustrate the experimental data for the seven plants 
tested. The ideal curve is rather closely approximated by the experimental 



TIME IN MINUTES. 

Fia. 1. Time of immersion in different concentrations of cane sugar before observed 
inception of plasmolysis: A, ideal curve for determination of osmotic pressure bp the 
plasmolytie method; S, observed curve for stripped preparation of Iris asiatiea. 

curve for Iris asiatiea (fig. 1, B) . Here the critical concentration lies some- 
where between 0.500 and 0.530 M, since at 0.500 it required two hours for 
plasmolysis to appear while at 0.530 M and all higher concentrations a simi- 
lar state was reached within 20-30 minutes. The slope of the curve above 
C = 0.530 was thus oo, while below that value it was 0 (approximate). If 
such were always the case, plasmolysis would be a satisfactory means of 
measuring osmotic value. This, however, is not the case. In the curve 
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TIME IN MINUTES 

Fig. 2. Observed concentration-time curves for inception of plasmolysis in stripped 
preparations of several plants j compare with ideal curve of figure 1, A, 


A C 

obtained for Iris germanica (fig. 2), the value ^ is reached only 

A C 

above C = 0.600, while = 0 is reached only below 0.425. At about 


C = 0.480 the slope of the curve is 1 and deviations from that value in both 
directions are slow. There is no critical point. The other experimental 
curves are similar. Of the seven plants studied Iris asiatica is the only one 
which gave data showing any semblance of a critical point. Since the 
whole method rests on the assumption of the existence of such a point, its 
invalidity is obvious. 

The plasmolytic method as formerly used is therefore invalid because 
it does not deal with tissues in normal, healthy condition, because it fre- 
quently does not dilferentiate between true osmotic phenomena and paeudo- 
plasmolytic mechanical phenomena, and because when these factors are 
eliminated and the phenomenon considered as a concentration-time rela- 
tionship it gives critical values in only rare instances. It seems very doubt- 
ful whether it will ever be possible to eliminate all of these objections 
satisfactorily. 
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A curious phenomenon, a slower appearance of plasmolysis in high con- 
centrations than in low ones, is illustrated in figure 1 {Isatis boisserianum 
and Iris fiorentina). This anomaly was observed in a number of experi- 
ments, and in every case the cells appeared* healthy, and except for the 
time relation plasmolysis appeared to follow the normal course. The 
explanation is not clear, but temperature seems to play some part in the 
process, as the delay of plasmolysis in high concentrations did not occur 
in tests made somewhat late in the day when the room temperature was 
higher, or on warm days. 

In yet higher concentrations the cells sometimes show internal plas- 
molysis and sometimes fail entirely to plasmolyze, while still appearing 
perfectly healthy. This failure to plasmolyze is not a case of deplasmolysis 
which has been overlooked. Cane sugar does enter these cells but only after 
some 36 hours, when its entry is probably conditioned by pathological 
change in the cell membrane. 


Summary 

The relationship between concentration of plasmolyticum and time 
required for plasmolysis is considered from a theoretical standpoint and 
the conclusion reached that considerable time is necessary before equi- 
librium is attained between a cell and a surrounding fluid of only slightly 
greater or slightly less osmotic strength. Data on this relationship are 
presented. When mechanical injury and the pathological actions of fluids 
from ruptured cells are eliminated, and when temperature and light are 
those of normal laboratory conditions, plasmolysis is a slow process; and 
limiting plasmolysis is so much deferred that secondary changes must be 
expected to have occurred in the cells such as would render invalid the 
interpretation of plasmolysis data as any measure of the osmotic value of 
the contents of plant cells. 

Forest Products Bebearch Laboratory 
Princes EiSBORouaH, Bucks 
England 
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PANTOTHENIC ACID AS A NUTRILITE FOR GREEN PLANTS 
Booeb J. Williams and Ewald Rohbman 
Introduction 

Ever since the work of Bottomley on the stimulating effect of extracts 
of bacterized peat on the growth of green plants, there has been some in- 
terest in the possibility that green plants may require an outside source of 
specific organic material. The preponderance of opinion (1, 2, 6) seems to 
favor the idea that, while stimulating effects may exist, the green plant is 
able to grow without any such outside stimulus and hence is independent 
in accordance with the classical view. 

It has been suggested (6) that the term ‘ ^ auximone, ^ ^ coined by Bot- 
tomley, should be dropped from the literature because the substances are 
not indispensable and the experimental data from which their existence 
was inferred were based upon an unfavorable salt balance. It is claimed 
that auximones, as conceived by Bottomley, do not really exist. In this 
connection w^e again call attention to the advantage in the term nutrilite 
(3), which carries no presuppositions except that the vitamin-like substance 
functions in nutrition. 

Up to the present, so far as we are aware, no substantial clue which will 
stand scrutiny has been obtained as to the chemical nature of the sub- 
stances which are presumed to exist and to stimulate the growth of green 
plants. 


Experimental work 

The first suggestion that pantothenic acid ( 4 ) might be involved in this 
problem came from a study of the pantothenic acid content of dormant and 
sprouting potatoes. It was found that while the pantothenic acid is rather 
uniformly distributed throughout the tissue of dormant potatoes, during 
sprouting there is a distinct mobilization of the acid toward the sprouting 
end. This suggested that it might have a growth stimulating function as 
is the case with yeast. 

Preliminary w^ork, conducted about the same time by Dr. W. L. Powers 
of the Department of Soils, showed that one of our relatively crude concen- 
trates had a stimulating effect on alfalfa seedlings. The details of these 
and other tests will be published elsewhere. 

Through the initiative of the junior writer, experiments were con- 
ducted with an aquatic plant which, so far as we know, has not been used 
for physiological study. Young plants of Ricciocarpus natans were col- 
lected from an aquarium and later from a marshy lake, and cultured on 
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Detmer’s solution. The first effects were observed visually. When the 
young plants grow the two lobes separate as a new lobe grows between them. 
It was noted that this evidence of growth was much more apparent in cul- 
tures to which from 10 to 10,000 parts per billion of a crude pantothenic 
acid concentrate (calcium salt potency of 70) was added. The best result 
was obtained with 1 part per million and the difference became definitely 
noticeable on the third day. In another experiment there was visual evi- 
dence (recorded after 12 days) of improved growth when as little as 1 part 
per billion of a refined preparation (potency 5000) was added. When 10 
and 100 parts per billion were added the growths were better than the 
control but not so good as when only 1 part per billion was present. 

In a third experiment, two carefully selected plants of uniform size 
were grown in each of four dishes. Those to which additions of the refined 
preparation just described were made showed some increased growth in 5 
days; and after 9 days the plants were blotted uniformly between filter 
papers and weighed in a closed vessel on a micro balance, with the results 
indicated in table I. 


TABLE I 

ErrCCT or pantothenic acid on growth or MicronKpnt SATAXS 



Weight of plants 

Blank 

0.002545 

1 p. p. billion 

0.003210 

10 p. p. billion 

0.004350 

100 p. p. billion . . 

0.003840 


It is evident that 100 parts per billion is an overdose for this particular 
preparation. It should be noted also that while the medium used may not 
be ideal for the liverwort, the amount of material added is extremely 
minute, and its effect must therefore be specific. 

Further experiments indicated that the liverwort used in these experi- 
ments is not a very favorable plant for continuous laboratory culture, 
because the young plants are available only after sporulation and this event 
cannot be controlled in the laboratory. The physiological condition of the 
plants is an important factor. The plants which showed the most striking 
responses were those obtained from the aquarium. Those taken from the 
natural habitat were less responsive, and after keeping for a few weeks the 
plants in one case were apparently unaffected by the more refined prepara- 
tion, except that 100 parts per billion actually inhibited growth. 
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Within a few days after these experiments had been completed, a com- 
munication was received from Professor W. J. Bobbins indicating that in 
preliminary experiments he had obtained positive growth stimulating re- 
sults with a pantothenic acid preparation which we had furnished. His 
study utilizing isolated root tips from corn will doubtless be published 
shortly. 

Discussion 

These studies with four different plants (including the potato), even 
though they are not exhaustive, would seem to indicate that pantothenic 
acid plays a role in the growth of green plants generally. This idea is 
strengthened by the evidence previously presented ( 4 ), that pantothenic 
acid is a constituent of all types of living matter. 

To the plant physiologist mainly will fall the problem, which will prob- 
ably prove an intricate one, of finding precisely how pantothenic acid func- 
tions. The writers cannot answer this question and available facilities will 
probably severely limit our further work along this line. We wish, how- 
ever, to mention a few observations which are an outgrowth of our limited 
experience with green plants and our more extended acquanitance with the 
chemical factors influencing yeast growth. 

Origin op pantothenic acid. — The observation has been recorded else- 
where ( 4 ) that Aspergillus niger produces pantothenic acid as it grows 
upon a synthetic medium. We have also observed that several bacteria 
and other molds which can grow upon synthetic media also produce it. It 
is not surprising, therefore, that the substance is present in soils and espe- 
cially abundant in those soils which are rich in organic matter. Our ex- 
perience would lead us to suspect that it is produced neither by higher 
plants nor by animals. We have conducted careful experiments to prove 
whether or not it is produced as yeast grows (extremely slowly) in a syn- 
thetic medium or one with known low pantothenic acid content. The 
results indicate that it is not produced. Yeast grown on a medium low in 
pantothenic acid content contains very little pantothenic acid, as low as 
one-fiftieth as much as normal’’ yeast and even less than that introduced 
originally into the medium. The medium at the end of the growth period 
was practically devoid of pantothenic acid. It seems that under these con- 
ditions the pantothenic acid present in the mother cells is distributed to 
the daughter cells, and that growth reaches practically a standstill in the 
course of a few days, owing to its very low concentration. 

Is PANTOTHENIC ACID INDISPENSABLE OB MERELY STIMULATIVE T — ^In the 

light of the experiments just cited, one can draw his own conclusions as to 
the indispensability of pantothenic acid for yeast growth. If the conclu- 
sion is that the effect is that of a stimulant, the interest in the stimulating 
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substance should not be diminished, because no one can question but that 
under anything approaching natural conditions yeast is always stimulated 
by pantothenic acid, whether or not it is capable of growing very slowly 
without that stimulation. 

To us the possibility that pantothenic acid is stimulative rather than 
indispensable to green plants should not lessen interest in it. Under natural 
conditions plants are doubtless stimulated by the substance because it is 
found in soils generally and the organisms of the soil are capable of pro- 
ducing more when the available supply runs low, of course, provided that 
the soil is suitable for the growth of these organisms. Just how long a plant 
can grow and eke out an existence without a further supply of organic 
matter beyond that supplied by the seed is not very import^int, if under 
ordinary circumstances it obtains specific organic matter from outside 
sources and grows normally because of this exogenous supply. 

Are other nutrilites involved in green plant stimulation besides 
PANTOTHENIC ACID? — Our experimental evidence with regard to this point 
is scanty, yet we have observed in work with the liverworts that an extract 
of potato seemed to have a stimulating effect well beyond that which could 
be accounted for by its pantothenic acid content alone. Since the physio- 
logical condition of the test organism could not be standardized, the results 
were not of a quantitative nature, and a definite conclusion would there- 
fore be dangerous. 

From our work with yeasts we should not be surprised if factors other 
than pantothenic acid were involved. Not all of the various strains of 
Saccharamyces cerevisiae are stimulated markedly by pantothenic acid 
alone. Other complementary factors may be necessary to produce even 
approximately normal growth. In the case of two yeasts, crystalline vita- 
min fills this need. What the nature of the complementary substance is 
in the case of green plants we do not know, but we expect to be able to 
answer the question as to their existence and nature by further experimen- 
tation. From analogy with yeast growth experience, we should expect that 
plant growth stimulation could be induced much more markedly than has 
been possible if all the unknown factors were supplied to the growing plant. 

Effect of toxic factors. — ^Not only with yeast but in our limited ex- 
periments with green plants we have observed the influence of inhibiting 
substances. In yeast growth experiments we are constantly confronted 
with such effects. We have natural extracts which are devoid of any ability 
to stimulate yeast growth because they contain toxic material which is 
specific for a given yeast. By fractional electrolysis (6) we are able to pre- 
pare very active stimulating material from the same extract. Our experi- 
ments indicate that such results will carry over to experiments with green 
plants and will significantly modify results. There is also the possibility 
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that an unfavorable balance between various complementary growth-stimu- 
lating substances may result in growth inhibition. This appears to take 
place with yeast in some cases. 

Oregon State Ageicultural College 
Corvallis, Oregon 


Summary 

1. Pantothenic acid has been found in preliminary experiments to have 
a growth stimulating effect on green plants. 

2. The questions of whether it is stimulative or indispensable, where it 
originates in nature, and the probability of the existence of other plant 
nutrilites, are discussed. 
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SOLUBILITY OF POTASSIUM IN CORN TISSUES" 

V. H. Morbib and J. D. Sayre 
Introduction 

In a recent paper (6) it was suggested that the composition of succulent 
plant tissues with respect to any constituent in true solution in the cell sap 
can be calculated from an analysis of sap expressed from the tissues. In 
applying this method of analysis to studies of the mineral nutrition of the 
com plant, it was necessary to ascertain whether the potassium was entirely 
in solution in the cell sap. If this situation obtained, the method of analysis 
could be used to determine the total potassium content, — in some investiga- 
tions a much simpler and more convenient procedure than the usual ash 
analysis involving drying and grinding the sample. 

In investigating the potassium content of expressed com sap, data were 
obtained which are believed to furnish an answer to the question as to 
whether potassium occurs in com tissues entirely in expressible form or 
whether it may be partially fixed by association with cell constituents such 
as lignin. The data are presented in this paper. 

The literature bearing on this subject is generally interpreted as leading 
to the conclusion that potassium occurs only in solution in the cell sap,. and 
probably in inorganic form (6, 1). Recently, however, McGeoboe ( 4 ) pre- 
sented evidence suggesting the possibility of a system of base exchange in 
living plant tissues similar to that already demonstrated for soils, where a 
correlation has been found between such factors as lignin content of the 
organic matter and exchange capacity. Inozemtzev (3) has concluded from 
electrodialysis studies that the greater part of the potassium of plants exists 
in a complex nondialyzable form, and that the dialyzable potassium is prob- 
ably in an organic form. 


Material and methods 

The material consisted of samples taken during a seasonal study of the 
distribution of potassium in the different parts of the com plant. A single 
cross adapted to Wooster conditions was grown on a fairly uniform soil in 
a good state of fertility. On each sampling date several plants were brought 
into the laboratory and separated into the following parts : blade, sheath, 
upper stem (above ear), lower stem, tassel, husks, grain, and cob. Each part 
was finely cut in an electric foodchopper. The potassium content was calcu- 
lated from an analysis of the sap expressed from portions of the ground 
tissue, as previously described (6) . Samples of the ground tissues also were 
1 iRTestigations cooperative between the Division of Cereal Crops and Diseases, Bu- 
reau of Plant Industry and Department of Agronomy, Ohio Agricultural Bxperiment 
Station. 
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dried in a steam chamber and then prepared for analysis. Portions of a 
few of the samples also were extracted with hot water or with 5 per cent, 
alcohol, using 50 gm. of the green tissue in Soxhlet extractors and making 
the extract to a final volume of 500 ml. 

Potassium was determined in the various kinds of samples after ignition 
with sulphuric acid, using lO-ml. aliquots of the expressed sap, 2.5 gm. of 
dried tissue, and 100 ml. of the extracts. The ashed samples were taken up 
in hot dilute HCl, filtered, and washed into 250-ml. volumetric flasks. The 
potassium was precipitated from 50-ml. aliquots by the chloroplatinate 
method (2), first removing the calcium as the oxalate. All samples were 
taken in duplicate and each value reported is the mean of the duplicates. 

Results 

It was desirable to determine first whether there was any potassium which 
was in an insoluble form or held by adsorption and that could be obtained 
by continued extraction but not by the sap expression method. The results 
obtained with a series of samples, reported in table I, do not indicate the 


TABLE I 

Potassium content or corn tissue as determined by sap expression, extraction, and 

ASH ANALYSIS OP DRIED TISSUE (PERCENTAGES ON GREEN WEIGHT BASIS) 


Date 

Tissue 

Sap EXPRES- 
SION 

Extraction 

Total 

H.0 

5% 

ALCOHOL 

IN DRIED 
TISSUE 



% 

% 

% 

% 

June 30 

Whole plant 

0.23 

0.25 

0.25 

0.27 

July 7 

Blade 

0.35 

0.36 

0.30 

0.34 

T-iilir 1 A. 

( Blade 

0.43 

0.45 

0.35 

0.46 

«i uiy JL4 

( Stem 

0.18 

0.19 

0.19 

0.18 


f Blade 

0.36 

0.38 


0.40 

Tnlv 

J Sheath 

0.26 

0.26 


0.25 

tiuiy isx 

1 Upper stem 

0.18 

0.13 


1 0.18 


L Lower stem 

0.13 

0.11 


! 0.15 


r Blade 

0.43 

0.45 


0.49 

July 28 

-{ Lower stem 

0.17 

0.13 


0.17 


[Ear 

0.20 

0.15 


0.20 


presence of potassium which could be extracted but not expressed. Further- 
more, as shown in the same table, comparison with the analysis of dried tissue 
shows that all of the potassium was obtained by both extraction and sap 
expression. 

Further evidence that all the potassium is in solution in the ceU sap and 
consequently can be determined in corn tissue by the sap expression method, 
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as well as by analysis of dried tissue, is afforded by the data from a series of 
56 samples, the results of which are summarized in table II. Although the 

TABLE 11 

Potassium content op corn tissues as determined by sap expression and ash 

ANALYSIS OP DRIED TISSUE (PERCENTAOES ON GREEN WEIGHT BASIS) 


Tissue 

Number of 
SAMPLES averaged 

Sap expression 

Total in 
dried tissue 

Blade 


% 

% 

10 

0.3S9 

0.414 

Sheath 

7 

0.319 

0.317 

Upper stem . .. . 

7 

0.176 

0.189 

Lower stem , ... 

9 

0.184 

0.178 

Husks and silks 

4 

0.130 

0.157 

Grain 

3 

0.190 

0.180 

Cob 

5 

0.152 

0.192 

Hybrids (stem tissue) 

Mean of all samples .. 

11 

0.165 

0.226 

0.185 

0.240 


mean of the 56 samples is slightly higher for total potassium in dried tissue, 
the difference (0.014) is not significant, since the standard deviation of the 
difference between the two methods is 0.029. 

The only samples with differences large enough to approach significance 
were the last two samples of cobs, taken on August 18 and 25. The potassium 
contents by the sap expression method were 0.128 and 0.143 respectively, as 
compared with 0.204 and 0.247 for dried tissues. Whether these differences 
are due to discrepancies in technique, to mechanical difficulties in handling 
this kind of tissue, or actually represent the presence of potassium held in 
such a way that it could not be expressed, cannot be determined from these 
data. That it may well be due to the mechanical difficulty of expressing sap 
from cobs rather than to the high percentage of lignin in these tissues is indi- 
cated b}^ the fact that the first three samples of cobs showed good agreement 
between the methods. 

With the exception noted, the data indicate that the potassium in corn 
tissues is in solution in the cell sap and thus can be determined by analysis 
of expressed sap as well as by analysis of dried tissue. Since all the samples 
were first ignited with sulphuric acid, however, it is possible that some of the 
potassium might be in solution in organic form, or at least unionizable. Data 
obtained by the direct precipitation of the potassium in a cleared portion of 
the sap by sodium cobaltinitrite are presented in table III. The results by 
the different methods are in good agreement. From these it appears that all 
the potassium in corn tissues is in such a form that it can be directly pre- 
cipitated by regents such as sodium cobaltinitrite, indicating that it is in true 
solution and ionizable. 
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TABLE III 

Potassium content of cobn tissue determined by direct precipitation i%oh expressed 

SAP AS COBALTINITRITE COMPARED WITH ASHED EXPRESSED SAP AND DRIED 
TISSUE ANALYSIS 


Tissue 

Total in dried 
tissue 

Sap EXPRESSION 

Gravimetric 

Colorimetric 


% 

% 

% 

Blade 

0.40 

0.36 

0.36 

Sheath 

0.25 

0.25 

0.26 

Upper stem 

0.18 

0.18 

• 0.19 

Lower stem 

0.12 

0.13 

0.14 

Tassel 

0.31 

0.27 ! 

1 

0.28 


The assumption that a base exchange system exists in the plant implies, 
by analogy with the well known soil system, a tying up of bases, potassium 
for example, in insoluble form in absorption complex or chemical combina- 
tion. From the data presented in this paper it may be concluded that with 
respect to potassium such a system does not obtain in the corn plant. 

Summary 

1. The potassium in corn tissue is entirely in solution in the cell sap and 
consequently can be determined by analysis of expressed sap as well as by 
extraction or dried tissue analysis. 

2. With the possible exception of cob tissue, there is no evidence of 
the presence in corn tissues of any insoluble, fixed, or unionizable forms of 
potassium. 

Ohio Agricultural Experiment Station 
Wooster, Ohio 
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PHOTOELECTRIC APPARATUS FOR MEASURING LEAP 

AREAS" 

Donald E. H. Fbxab 
(with three figures) 

The need to measure accurately the area of several thousand apple 
leaves in connection with a study of the deposit of spray residues led to a 
search of existing methods of leaf area measurement. The several methods 
described in the literature failed to satisfy the requirements, inasmuch as 
accuracy in area measurements was apparently to be secured only by meth- 
ods too lengthy to be of use in this study. 

Existing methods for measuring leaf areas include the following: (1) 
Measurement of the leaves along their axes, the area obtained by multiply- 
ing these figures being corrected by a factor; (2) planimeter measurements; 
(3) tracing or otherwise transferring the leaf outline to paper of known 
weight per unit of area and later determining the area of the tracings by 
their weight; (4) leaf -punch methods, in which definite areas of the leaf 
surface are removed by a punch or die. 

The first of these methods is not sufficiently accurate, since variations in 
leaf shape among individual leaves of the same species is sufficient to intro- 
duce gross errors into the calculation. The second and third methods are 
extremely time-consuming, depend largely for their accuracy on the skill 
and dexterity of the person using them, and are adapted only for measur- 
ing the areas of small numbers of leaves. Circles or other geometric figures 
cut from the leaf surface with a punch or die are subject to errors arising 
from the obvious fact that the leaf presents neither a uniform surface nor 
an interior structure free from gross tissue differentiation. 

The use of the photoelectric cell in a variety of ways in recent years led 
the writer to consider the possibility of such a device for measuring leaf 
areas, inasmuch as the area would be a direct function of the amount of 
light intercepted if the leaf were placed in the path of a beam of light. 
While a device was being perfected, a short news article appeared describ- 
ing a similar apparatus, built by Withrow, and it was learned that a paper 
describing a similar apparatus had been presented at the Boston meeting of 
the American Society of Plant Physiologists. Definite information con- 
cerning the construction of this apparatus could not be secured, however, 
and the present apparatus has been developed independently, and has been 
used satisfactorily for the past season. 

1 Publication authorized by the Director of the Pennsylvania Agricultural Ezperi- 
ment Station, as Technical Paper no. 677. 
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Apparatus 

A rectangular box 72 cm. high, 22 cm. deep, and 22 cm. wide was con- 
structed from plyboard, with a tight fitting door at the front. The interior 
of the box was painted white and near the top a number of holes were bored 
for ventilation. A perpendicular section through the apparatus is shown 
in figure 1. A movable shelf A, to which were attached five 60-watt 110- 



volt inside frosted electric lamps, was inserted near the top of the 
box. These lamps may be connected to a constant wattage transformer so 
that current variations may be reduced to a minim um. On this shelf was 
placed a small electric fan to circulate the air. Across the middle of the 
box was placed a pane of frosted glass, of such size that it exactly fitted the 
interior of the box, but masked so that only a circular opening approxi- 
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mately 18 cm. in diameter was available to transmit light (fig. IB). A 
small hole was drilled in the exact center of the circle of frosted glass so 
circiunscribed, and a hemispherical baffle D was suspended by a glass rod 
C, approximately 15 cm. below the frosted glass plate. A sheet of heavy 
plate glass of the same size as the frosted glass was laid on top of the latter. 

At the bottom of the box, about 4 cm. above the true bottom, a false bot- 
tom E was built, in the center of which a hole large enough to accommodate 
the photoelectric cell was cut. This photoelectric cell, a Weston Model 594, 
was connected with a microammeter having a capacity of 200 micro- 
amperes. 

The purpose of the hemispherical baffle is to defiect all light rays pass- 
ing through the frosted glass which would otherwise fall directly upon the 
surface of the photronic cell. This makes it possible for the cell to measure 
the diffused light in the lower chamber, rather than to give erratic readings 
because of differences in the location of shaded areas. Such differences 
would exist if the object causing the shading (in this case the leaves) were 
located in different places on the ground glass. 

The intensity of the illumination in the lower chamber may be regulated 
by raising or lowering the bank of lamps at the top of the box. 

Standardization 

In standardizing the instrument, the light bulbs are connected to a 110- 
volt current source and adjusted so that the reading of the mieroammeter 
connected with the photronic cell is nearly the maximum of the instrument. 
This original reading is recorded. A section of definite area cut from a 
leaf similar to those to be measured is then placed dorsal side uppermost, 
upon the ground glass plate, and held in a fiat position by the sheet of plate 
glass. The reading of the microammeter is again taken and the process 
repeated, adding a section of leaf of known area each time until the ground 
glass plate is covered to its capacity. A curve is then prepared, plotting 
the percentage of light cut off against leaf area. The percentage of light 
cut off is calculated by subtracting the microammeter reading taken for any 
given leaf area from the original reading, and dividing this by the original 
reading. 

Variations in the electric current cause fiuctuations in the reading of 
the microammeter, but it has been found that over the relatively short time 
necessary to make the standardization or to take the readings on a series 
of whole leaves, as will be described later, these fluctuations are not large 
enough to cause serious error. The use of the constant wattage transformer 
mentioned reduces these fluctuations greatly. It is wise to repeat the 
standardization several times, however, so that each point on the curve rep- 
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resents the mean of several readings on the microammeter. A typical 
standardization curve is shown in figure 2. 



Measurement of leaf areas 

Having constructed a curve for the type of leaves to be measured, the 
actual measurement of the leaf area is carried out in a manner similar to 
the standardization. The original reading of the microammeter is taken 
without any material on the ground glass plate to interfere with the passage 
of the light. The leaves to be measured are then placed on the ground 
glass, one at a time, or, if the total area of a number of leaves is desired, 
several leaves at a time, and the second reading of the instrument taken. 
It has been found that with an apparatus of the dimensions given, four or 
five mature apple leaves may be placed upon the ground glass at one time, 
and the area of 100 leaves measured in less than 15 minutes. To guard 
against wide fluctuations in current, it is wise to take original readings after 
each five sets of leaf area readings. 

The percentage of light cut off by each leaf or group of leaves is then 
calculated, and by reference to the standard curve, the area is determined. 
An example of the calculation is as follows : 

Original reading 188 microamperes 

Beading with 4 leaves 103 microamperes 

=44.0% of the original light cut off. 
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Beferring to the curve given in figure 2, this indicates an area of 238 square 
centimeters. 

Discussion 

In building this apparatus an attempt has been made to avoid any un- 
symmetrical construction which might cause shadows, or tend to give a 
different light intensity on the photronic cell owing to a variation of the 
position of the leaf or leaves to be measured when placed upon the ground 
glass. With the instrument here described, it makes no appreciable differ- 
ence whether the leaf is in the center of the circular opening on the ground 
glass or far to one side. 

The method of standardization of the instrument may introduce serious 
errors in the determination of leaf areas by any photoelectric method. 
Leaf tissue, except perhaps in rare cases, is appreciably translucent. In 
addition, the reflection of light from the surface of a leaf is characteristi- 
cally different from the reflection from many other materials. In fact, the 
reflection of light from the upper surface of a leaf is usually different from 
the reflection from the lower surface. This is particularly true if the lower 
surface is pubescent. For these reasons, then, the standardization of the 
instrument against known areas of opaque material, or against material of 
different color or reflectivity from that of the leaf surface, may lead to in- 
accurate results. Figure 3 shows typical curves obtained by standardizing 
the instrument with known areas of black paper (A) ; white cardboard 
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(D) ; and two types of leaf tissue, one thick and practically opaque (B) 
and the other relatively thin and translucent (0). 

The use of alternating current to provide illumination admittedly in- 
creases the error of measurement. It is possible, however, through the use 
of a transformer to keep this at a minimum, and frequent checking of the 
current through microammeter readings helps reduce this error. 

This apparatus has been used satisfactorily to measure the area of more 
than 10,000 apple leaves during the past season, with an error of approxi- 
mately 3 per cent,, as determined by replicate area measurements on the 
same leaves. 

Summary 

An apparatus is described for the measurement of leaf areas by means 
of the photoelectric cell. The chief advantages of the method are its rapid- 
ity and simplicity, with a high degree of accuracy. The methods of stand- 
ardization and calculation are given in detail. The apparatus has been 
used to determine the area of more than 10,000 apple leaves, with an error 
of approximately 3 per cent. 

Department of Agricultural and Biological Chemistry 
Pennsylvania State College 
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NOTES ON THE SUCROSE CONTENT AND DBXTROSE-LEVULOSE 
RATIO OP CALIFORNIA DRIED PRUNES* 

The quality of dried prunes in California is to some extent related to 
the districts in which the fruit has grown. The principal variety grown 
in all sections is the French prune d’Agen. The four principal prune- 
growing districts are the Santa Clara and the Napa-Sonoma which are often 
designated as “inside” districts, and the Sacramento and the San Joaquin 
valleys which are often called “outside” districts in the prune trade. The 
inside districts are near the coast where the temperatures are lower. Less 
irrigation is necessary or customary in the coastal or inside districts, it is 
more common to use short pruning methods, and the crops average smaller. 
In the inside districts the fruit normally falls to the ground when in best 
condition for drying, while for some undetermined reason the fruit in the 
outside districts in large measure remains on the tree until deterioration is 
marked unless shaken or knocked to the ground. 


TABLE I 

Total scoak cokteni* of samples or the 1932 cbop 



Inside disteicts 

Outside districts 

Average .... 

49.4 

40.5 

Maximum ... 

53.3 

45.1 

Minimum 

46.4 

37.3 


* Expressed as invert sugar, adjusted to a basis of 20 per cent, moisture. 

TABLE II 

Total suoab content* of samples of the 1933 crop 



Inside districts 

Outside districts 

All 

districts 

Santa 

Clara 

Napa- 

Sonoma 

All 

Sacra- 

mento 

San 

Joaquin 

All 

Average 

54.7 

49.5 

52.1 

45.1 

45.8 

45.5 

49.4 

Maximum 

59.4 

51.5 

59.4 

47.2 

50.9 

50.9 

59.4 

Minimum . . . . 

47.7 

47.2 

47.2 

42.7 

42.3 

42.3 

42.3 


* Expressed as invert sugar, adjusted to a basis of 20 per cent, moisture. 

1 This brief paper was prepared by Professor Nichols shortly before his untimely 
death in November, 1934. 
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TABLE III 

Sucrose content op samples of the 1933 crop 


Inside districts I Outside districts 


Santa Clara Napa-Sonoma Sacramento I San Joaquin 



Av, 

4.51 

Av. 

6.02 

Av. 

6.42 

Av. 

3.90 

Max. 

12.05 

Max. 

10.35 

Max. 

10.74 

Max. 

9.31 

Min. 

0.88 

Min. 

1.52 

Min. 

1.90 

Min. 

0.95 

Inside districts ; 

Average 

5.24 

Maximum 12.05 

Minimum 

0.88 

Outside districts : 

Average 

5.06 

Maximum 10.74 

Minimum 

0.95 

All districts: 

Average 

5.12 

Maximum 12.05 

Minimum 

0.88 


* Samples in subgroups within columns are of different sizes from single grower 
delivery. 

The inside districts have the reputation of producing fruit of higher 
quality than that of the outside districts. It has been shown by Hiltner 
and Hatherell (2) and by Gale and Cruess (1) that the total sugar con- 
tent of dried fruit from the inside districts is higher. This has been con- 
firmed by Nichols and Reed (5), who also reported that the texture of the 
flesh is more solid and the specific gravity of the whole fruit higher in the 
fruit from inside districts. These facts apparently account in part for the 
trade preference for such fruit. 

It was thought that not only the total sugar content but also the sucrose 
content and the dextrose-levulose ratio, on which some data have been pub- 
lished by Mrak, Smith, and Henriques ( 4 ), might be related to the district 
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TABLE IV 

DliXTaOSE-LEVULOSE BATIO IK SAMPLES OF THE 1933 CROP 

Insioe listkicts Outside districts 

Santa Clara Napa>Sonoma Sacramento San Joaquin 

Count B/L Count D/L Count D/L Count B/L 

PER LB. ratio per LB. RATIO PER LB. RATIO PER LB. RATIO 


128 2.15 37 7.25 39 2.82 64 1.98 



113 1.63 


Av. 2.04 

Av. 

3.69 

Av. 

2.79 

Av. 

2.85 

Max. 2.53 

Max, 

7.25 

Max. 

3.35 

Max. 

3.60 

Min. 1.63 

Min. 

2.42 

Min. 

2.22 

Min. 

1.98 

Inside districts ; 

Average 

2.60 

Maximum 

7.25 

Minimum 

1.63 

Outside districts : 

Average 

2.85 

Maximum 

3.60 

Minimum 

1.98 

All districts : 

Average 

2.63 

Maximum 

7.25 

Minimum 

1.63 


* Samples in subgroups within columns are of different sizes from single grower ^s 
delivery. 

of origin. Determinations of sucrose and dextrose-levulose ratio, as well 
as specific gravity and total sugar, were therefore made on about 60 samples 
representing fairly well the 1933 and 1934 crops of the principal four Cali- 
fornia districts. 

The total sugar content of the 1932-crop samples was determined by the 
Shaffer-Hartmann method (6) ; those of the 1933-crop samples by the 
volumetric permanganate method of the Association of Official Agricultural 
Chemists. In both cases the total sugar was expressed as invert sugar. The 
1933-crop samples were examined for total reducing sugars before inversion, 
also for dextrose by the Lothbop and Holmes (3) method. 

The possible relation between specific gravity and total sugar content 
was studied, and while the correlation is by no means close there is a definite 
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tendency for high sugar content and high specific gravity to be associated, 
especially in prunes from the outside districts. 

The variations in total sugar content of 1932-crop samples are shown in 
table I. 

The variations in total sugar content of 49 samples of the 1933 crop are 
shown in table II. 

In both years the total sugar content of samples from inside districts 
was distinctly higher than in samples from outside districts. The maximum 
values for outside districts rarely exceeded the minimum for inside districts. 

The data on sucrose and on dextrose-levulose ratio are given in tables 
III and IV. 

Neither the sucrose content nor the dextrose-levulose ratio appears to 
have any relation to district of origin or to size. It is of interest that 
dextrose greatly exceeds levulose in prunes. 

Grateful acknowledgment is made of the assistance of R. D. Bethel and 
F. Filipello in this work, and to the United Prune Growers for samples. — 
Paul F. Nichols, University of California, Berkeley, Calif. 
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ISOLATION AND DETERMINATION OF STARCH IN PLANT 

TISSUE 


The removal of starch from plant tissues by dispersion in various re- 
agents has often been employed in the quantitative estimation of this sub- 
stance (6). Recently Denny (1, 2) and Hopkins (3) have reviewed those 
methods wherein mineral acids or salt solutions are used as the dispersing 
agents. We have found that hot dilute ethanol can also be used for this 
purpose after the plant tissue has been suitably pretreated with an acid- 
alcohol reagent. In the course of a microchemical study on the reserve 
carbohydrates of apple wood spurs, it was noticed that after the tissue had 
been treated with a boiling solution of 1 per cent, nitric acid in 85 per cent, 
ethanol the starch granules could be dispersed in boiling 20 per cent, 
ethanol. A procedure employing this neutral and salt free extraction has 
been developed. Its essential features are presented below : 

0.500 to 2.500-gm. samples (depending upon the anticipated starch con- 
tent) are weighed into 40-ec. alundum crucibles. The latter are placed in 
a Soxhlet extractor and extracted for 24 hours with a 2 : 1 benzene-ethanol 
mixture. The crucibles are then taken from the extractor and the major 
portion of the solvent removed by suction. The contents of a crucible are 
transferred to a 300-ce. flask and covered with 180 cc. of the ethanolic-nitric 
acid reagent prepared by diluting 10.65 cc. of concentrated nitric acid, sp. 
gr. 1.40, to 1 liter with 85.1 per cent, ethanol by volume. This mixture is 
then boiled under reflux for 30 minutes. The residue remaining in the 
flask is now recovered by filtration through the original alundum crucible 
and washed free of acid with 75-90 cc. of hot 95 per cent, ethanol. The 
residue is partially dried by suction and again introduced into a 300-cc. 
flask. 100 cc. of 20 per cent, ethanol are then added and the contents of the 
flask boiled under reflux for 20-25 minutes. The insoluble matter left in 
the flask is now removed by filtration and washed with 40-50 cc. of boiling 
20 per cent, ethanol. The filtrate and washings are combined. This solu- 
tion contains the starch polysaccharides present in the original tissue. 

If it is desired to isolate the starch polysaccharides the 20 per cent, 
ethanol extract is concentrated in vacuo to about 25 to 30 cc. This concen- 
trate is poured, with stirring, into 10 volumes of a 1 : 1 acetone-ethanol mix- 
ture, thereby precipitating the polysaccharides which are then recovered by 
centrifugation and filtration. 

For the estimation of the starch content of the original tissue the 20 per 
cent, ethanol extract is evaporated on a hot plate to a small volume (10 cc.) 
and 100 cc. of 2.5 per cent, hydrochloric acid added. The solution is then 
boiled under reflux for 2.5 hours, cooled, neutralized, and made to volume. 

579 



580 


PliANT PHTSIOIiOGT 


Glucose is determined on an aliquot portion and expressed as starch in the 
usual manner. 

It has been observed that with certain types of plant tissue, the 20 per 
cent, ethanol extract contains in addition to the starch polysaccharides some 
non-starch polysaccharides. In such a case, a fractionation of the extract 
by a method such as proposed by Small (4) is recommended before pro- 
ceeding with either the isolation of the polysaccharide from the extract by 
precipitation with the acetone-ethanol mixture, or the hydrolysis of the ex- 
tract to reducing sugars. — Cabl Niemann, R. H. Roberts, and Earl Paul 
Line, Biochemistry Research Laboratory, Department of Agricultural 
Chemistry and Department of Horticulture, University of Wisconsin, Madi- 
son, Wisconsin. 
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NOTES 

Annual Election. — The annual election of the American Society of Plant 
Physiologists held during the last quarter of the fiscal year has resulted in 
the election of Dr. A. E. Mubneek, former secretary-treasurer, as president 
for 1935-1936. The new vice-president is Dr. D. R. Hoagland, University 
of California ; and the new secretary-treasurer is Dr. W. P. Loehwing, Uni- 
versity of Iowa. The results of the ballotting insure a continuation of the 
policies and ideals of the preceding administration which have done much 
to strengthen the foundations of the Society and to insure its continuous 
progress. Newly elected officers always appreciate the spirit of cordial co- 
operation on the part of members. Such cooperative effort will be especially 
helpful in connection with the annual meetings and programs to be presented 
at St. Louis in December. 

Minneapolis Meeting. — The summer meetings of the Society at Minne- 
apolis and St. Paul were very successful as measured by the criteria of at- 
tendance and interest. With the exception of the vice-presidents, the officers 
of the Society for 1934-1935 and 1935-1936 were present. Almost 80 mem- 
bers and friends attended the sessions, and great interest was shown in the 
various papers presented. One of the best attended programs was the sym- 
posium on seed dormancy and related problems. 

About 40 members were present Wednesday at the picnic dinner at the 
summer home of Dr. and Mrs. R. B. Harvey on the St. Croix river. This 
was a most delightful social occasion, no one being allowed to be either 
hungry or thirsty. The visitors had the unique privilege of enjoying Dr. 
Harvey fine portrait gallery of famous plant physiologists. Music and 
merriment added zest at the close of the picnic. The generous and cordial 
hospitality of the hosts was much appreciated by everyone. 

St. Louis Meeting. — Preparations for the St. Louis meeting are already 
in progress. It is hoped that early action may be taken on all important 
matters concerned with accommodations and arrangements in order that ap- 
propriate announcements may be made in the October number of Plant 
Physiology. 

It would be very helpful in preparing programs if the proposed titles 
could be in the hands of the program committee early. Any symposia to be 
organized should be arranged at the earliest possible moment, so that par- 
ticipants may have as much time as may be needed to prepare their contri- 
butions, Undue haste, necessitated by short time, usually lowers the value 
of contributions. Would it be possible to select papers from among those 
offered, and confine programs to a smaller number of papers, and to a reason- 
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able length of time f Papers which could not be accommodated with time 
for personal presentation might be presented as mimeographed abstracts, 
with opportunity for interested readers to ask questions and elaboration if 
desired. 

These suggestions may not be practicable ; but it does seem that program 
committees should recognize the growing need for some way to relieve the 
current overloading of the programs. This arises out of the effort to ac- 
commodate everyone, which has always seemed to be desirably democratic. 
Another way out would be to practice close segregation of related material 
and provide for two or more simultaneous programs in adjacent or nearby 
rooms. 

New England Section. — A very enthusiastic report of the second annual 
meeting of the New England section has been received from the secretary. 
Dr. Linus H. Jones, Massachusetts. The meeting was held at the Univer- 
sity of New Hampshire, Durham, May 17-18. The officers elected for the 
coming year are as follows : chairman, Dr. T. G. Phillips, New Hampshire ; 
vice-chairman. Dr. B. E. Gilbert, Rhode Island; secretary-treasurer, Dr. 
Linus H. Jones, Massachusetts. 

The meeting was attended by men from a larger number of institutions 
than was the first meeting in 1934. It was voted to meet at Kingston, Rhode 
Island next year. 

In order to emphasize the value of these regional meetings, the titles of 
papers presented before the gathering are presented here. 

Seedling culture in sand. A. A. Dunlap, Connecticut. 

Carbon dioxide in the forest. H. I. Baldwin, Research Forest, Hills- 
boro, New Hampshire. 

The effect of simultaneously varied radiation, nitrogen, and potassium 
on the growth of white pine seedlings. R. R. Gast, Harvard. 

Micro determinations of nitrogen, phosphorus, and potassium in plant 
material. B. A. Snow, Harvard. 

Nitrogen, phosphorus, and potassium contents of foliage of fertilized 
northern white pine plantations. W. H. Cummings, Harvard. 

Plant transpiration as modified by potassium. A. G. Snow, Yale. 

The cumulative effect of 25 years of liming with calcic vs. maguesie lim- 
ing materials on the mineral nutrient composition of the edible por- 
tions of plants. D. R. Willard, Rhode Island. 

The present status of legal recognition of the potential acidity or alkalin- 
ity of fertilizers. J. B. Smith, Rhode Island. 

Testing plants with diphenylamine. L. H. Jones, Massachusetts. 

Assimilation of nitrogen by the tomato plant. H. E. Clark, Yale. 
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The effect of heavy fertilization with ammonia on the glutamine content 
of beets. H. B. Vickery, Connecticut. 

The quantities of non-glucose reducing substances in plant juices. F. S. 
ScHLENKER, Rhode Island. 

The determination of starch in plant tissue. G. W. Pucker, Connecticut. 

The nature of winter injury in apple trees. F. H. Steinmetz, Maine. 

Growth hormones in plants. E. A. Navez, Harvard. 

Experiments in highbush blueberry culture. J. S. Bailey, Massachu- 
setts. 

The physical basis of mycotrophy in Finns, A. B. Hatch, Harvard. 

Ethylene induced epinasty. C. 6 . Deuber, Yale. 

The determination and recording of light intensities. R. H. Wallace, 
Connecticut. 

Respiratory systems of Lupinus albus, F. N. Craig, Harvard. 

Purdue Section. — The Purdue Section reports another good series of 
meetings during the past year. The attendance has ranged from 20 to 35, 
with an average of 25. Dr. J. H. MoGillivray was president of the section 
during 1934-1935, A. T. Guard secretary-treasurer, and Dr. C. L. Porter 
chairman of the program committee. The titles of papers and addresses 
presented are as follows : 

October 15, 1934, Ancient cornfields of America. Paul Weatherwax, 
Indiana University, guest speaker. 

November 5, Reproduction in fungi. G. B. Cummins. 

November 19, Special problems of fungus nutrition. R. B. Bains. 

December 3, Reproduction in flowering plants. A. T. Guard. 

December 17, Plant hormones. D. M. Doty. 

January 21, 1935, Reports of the A. A. A. S. meetings. 

February 4, Relationships existing between the functions and structures 
of plants. E. J. Kohl. 

February 18, Present status of mineral nutrition. S. F. Thornton. 

March 4, Nitrogen metabolism. H. R. Kraybill. 

March 18, Soil types and plant growth. S. D. Conner, 

April 1, Practical applications of fermentation phenomena. P. A. 
Tetrault. 

April 15, Modern trends in plant physiology. R. E. Girton. 

The meeting on April 15 closed the activities of the year, the address 
closing the annual dinner festivities. The officers elected for the ensuing 
year are J. T. Sullivan, president; R. B. Zumstein, secretary-treasurer; 
and E. C. Stair, chairman of the program committee. 

Chemical Methods Reprints. — ^Reprints of the supplementary report 
of the chemical methods committee may be obtained from the chairman of 
the committee, Dr. W. E. Tottingham, Agricultural Chemistry Building, 
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University of Wisconsin, Madison, Wisconsin. The price authorized for 
these reprints is 15 cents per copy post free. Lots of 8 ordered at one time 
may be obtained for $1.00 post free. Laboratories with groups of students 
will find this club rate economical. 

The original reports published some years ago can no longer be supplied 
in complete sets, as some of the parts are exhausted. There are still avail- 
able 4 copies of the section on soluble carbohydrates, and 38 copies of the 
section on peptides and basic forms of nitrogen. These also are held by 
Dr. Tottingham, who will furnish them as long as the few remaining 
sections last. 

Hugo de Vries. — With the death of Hugo de Vries at Lunteren, Holland, 
on May 21, 1935, biological science has lost one of its most revered and 
beloved leaders. Born February 16, 1848, his life spanned the entire period 
of modern biological thought. To the development of experimental biology 
he brought a rich experience in the dramatic development of biological 
speculative philosophy which occurred during the several decades following 
the publication of the Origin of Species. He was a leader in the movement 
from speculative to experimental work during the last quarter of the 19th 
century. His great achievements in plant physiology and genetics will 
stand as an enduring monument to his genius. To us and to future genera- 
tions of biologists his life will stand as an inspiration and a challenge to 
emulate his example of patient industry and creative thinking. His name 
will always stand high among the illustrious biological philosophers of the 
late 19th and early 20th century period. 

Friedrich August Ferdinand Christian Went, — On July 26, 1935, Pro- 
fessor Went, for many years professor of Botany at the University of 
Utrecht, passed away. He was elected president of the Sixth International 
Botanical Congress which is to convene at Amsterdam early in September, 
and will be greatly missed during the deliberations of the congress. He has 
been a great leader in the study of plant responses, and especially in the field 
of hormones. He was a corresponding member of the American Society 
of Plant Physiologists. His passing will be deeply mourned by all plant 
physiologists. 

Annual Review of Biochemistry. — V olume IV of the Annual Review of 
Biochemistry has just been issued by the Stanford University Press. It 
maintains the high standards set by the preceding volumes, and does great 
credit to the editors of the series, to the reviewers, and to the publishers. In 
the few years since this annual review was started, it has become an indis- 
pensable guide to the rapid developments in this expanding field of research. 
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The current volume contains 27 reviews, a number of which will be espe- 
cially useful to plant physiologists. Among these are mentioned the sections 
on permeability, biological oxidations and reductions, enzymes, plant pig- 
ments, the alkaloids, mineral nutrition of plants, growth substances in 
plants, chemistry of bacteria, etc. 

The reviewers have a very difficult task to perform, since they must 
choose those papers for review that in their judgment contribute most 
seriously to the advancement in the general field covered. The sifting and 
winnowing of the far flung literature that is produced each year is no mean 
task in any field ; and the provision of a reliable guide to the currents of 
advancement requires clear vision and sound judgment. The writer of this 
note feels that the great majority of the reviewers have done unusually well 
with their assignments. 

The series is issued in handsome binding, and the press work is uniformly 
good. The price of volume IV is the same as for the preceding annual vol- 
umes, $5.00 per copy. The series constitutes a valuable history of the 
development of biochemistry in our times. Orders for this or any of the 
earlier volumes may be sent to the Stanford University Press. 

Temperature and Living Matter. — The eighth volume of the Proto- 
plasma-Monographien published by Gebriider Borntraeger, Berlin, is entitled 
Temperature and Living Matter. The author is Jan BfinEHRADEK, Profes- 
sor of General Biogology, Caroline University, Prague. It is written in 
English, and will therefore be more readily available to American students. 
It contains eleven chapters with titles as follows; general principles of bio- 
logical temperature action; rate of biological processes at biokinetic tem- 
peratures; variation of temperature coefficients with external and internal 
factors; theories of temperature coefficients; chemical properties of living 
systems at biokinetic temperatures ; variations of morphological equilibria at 
biokinetic temperatures ; physical properties of living systems at biokinetic 
temperatures ; freezing and frost resistance ; chilling, chill coma, and death 
by chilling ; injury by heat and heat resistance ; and stimulative effects of 
temperature. 

There are 229 pages of text, 37 pages of bibliography and author index, 
and 11 pages of subject index. The work is written in simple, direct style 
that will be appreciated by busy readers. The ground is well enough cov- 
ered on the animal side, not quite so well on the plant side. It is frequently 
the case that general biology is mainly animal biology in general terms. It 
presents a good summary of the general effects of temperature on living 
protoplasm. 

The price quoted for this volume, RM 18, is for cloth binding uniform 
to the series. 
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THE COURSE OF STONE CELL FORMATION IN PEAR FRUITS 
William W. Smith 

(with eight figures) 

Introduction 

Crist and Batjer’s (7) analyses of the isolated grit cell clusters of pear 
fruits show these structures to be approximately three-fourths lignocellulose, 
of Avhich about a third is lignin. This quantitative relationship was con- 
sistent enough in the several samples tested to justify quantitative estimates 
of the grit cell content of the fruits by lignocellulose determinations. Their 
histological studies revealed cell wall thickenings 20 days after blossom fall, 
and chemical analyses indicated ligniilcation occurring two or three days 
after blossoming. 

The accumulation of lignocellulose as a percentage of the dry weight 
proceeded rapidly for about four weeks, reaching a concentration of half the 
fruit’s dry weight, then began sharply to decrease until at harvest time it 
amounted to about a fifth of the dry weight. During the period of lignifica- 
tion there occurred a steady decline in the relative amounts of alcohol ex- 
tractable material, which reached a minimum at the time the lignocellulose 
reached a maximum. At this point, indicated by a decrease in the percent- 
age of lignified tissue, began the accumulation of alcohol extractable material 
which continued for the rest of the growing season. 

How perfectly the relative amount of alcohol extractable substances can 
be a reciprocal of the amounts of lignocellulose, in the two varieties of pears 
studied, appears in figure 21 of Cbist and Batjer’s report. For example, 
the Kieffer fruits on May 18 had an alcohol extractable content of 55 per 
cent, of the dry weight, which dropped to nearly 25 per cent, in the latter 
part of June, and then increased steadily, reaching a concentration of 55 
per cent, again by September 2. The alcohol extract is composed largdy of 
sugars. The lignocellulose started with a concentration of about 25 per 
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cent., reached a maximum the last of June of over 55 per cent, and then 
dropped to 25 per cent, by September. 

This same interrelation of these materials was found in the Bartlett pear, 
which in comparison with the Kieffer is less ^‘gritty’’ and shows a lower 
percentage of ligtiocellulose, coupled with a higher percentage of alcohol 
extractable substances. 

It is also interesting that the ‘‘conversion point/’ so to speak, in this 
variety is about a week earlier, at which time the relative amounts of these 
materials correspond closely with those of the Kieffer. The regularity of 
this typical change in relative concentrations for all varieties of pear fruits 
studied, grown under different cultural conditions, in widely separated 
localities, for several unlike seasons, establishes it as a fundamental basic 
phenomenon and as the inherent order of these changes in growing pear 
fruits. 

In general, the chemical changes incident to cell wall formation are in the 
direction of lignification. So far as the author is aware, the literature pre- 
sents no clear cut evidence of a reversal in this order. The suggestion of 
Crist and Batjer, however, that such a reversion occurs incident to the 
development of grit cells in the pear, lignocellulose being transformed to 
sugars, makes desirable a further study of the chemical changes occurring 
in these structures. 

The results of studies of several investigators suggest a theoretical course 
of events in the process of lignification of plant tissues which may be indi- 
cated by the following diagram : 



It is known that the first products of photosynthesis, translocated as 
monosaccharides or disaccharides, are sugars ( 9 , 21 , 29 ) and that the end 
products in the lignification of plant tissues are lignocelluloses ( 11 , 16 , 17 ). 
The course the sugars follow and the changes they undergo to reach this final 
stage is a point of fundamental concern. Many investigators have sought, 
chiefly on woody material, a clue to this process ( 3 , 6 , 8 , 10 , 11 , 21 ). That 
the sugars condense to form polysaccharides, there is no doubt ( 25 , 27 ). 
That they oxidize to form sugar acids known as polyuronic acids is sup- 
ported by the results of certain research ( 25 , 27 ). 
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The polyuronic acids, galacturonic, glucuronic, and others, are of par- 
ticular interest because they combine with certain condensation products 
(arabinose, galactose) (12, 13, 16) to form pectins, and also, they seem to 
be a part of the hemicelluloses (6, 24) . 

Change of pectin to hemicellulose was fairly well established by Candlin 
and ScHBYVER (6). In their investigations on chemical changes taking 
place in cell wall substances during lignifieation, they group the substances 
accompanying cellulose in cell walls into three classes: pectins, hemicellu- 
loses, and lignins. They were able to decartoxylate pectins with the forma- 
tion of hemicelluloses which resembled in all respects the hemicelluloses 
isolated directly from timbers. Their results indicate that decarboxylation 
takes place when plant tissues lignify. They were unable, however, to estab- 
lish a direct connection between pectins and lignins. 

The aim of this investigation was to seek additional evidence of movement 
to right as indicated by the foregoing diagram (i.e., from sugars through 
pectins, etc., to lignocelliilose), to examine the possibility of a reversal of 
the direction of movement, and also to further the objective of relieving pear 
fruits generally, those of the KieflPer in particular, from the burden of gritti- 
noss in quality. 


Technical methods 

Sampling , — The material used for lignocellulose determinations was 
sampled as described by Crist and Batjeb (7) ; that is, transverse segments 
were cut from the center of each fruit, the loculi of the carpels removed, 
and the segments dried in an electric oven at 65° C. For carbohydrate and 
pectin analyses similar portions of the fruits were taken. These were finely 
ground in a meat grinder and thoroughly mixed. Small^ amounts were 
placed in weighing bottles for dry weight determinations, made at 95° C. 
Samples consisting of 25 grams of this material w^ere quickly weighed and 
dropped into mason jars containing boiling 95 per cent, alcohol of sufficient 
volume to give a final concentration, including the moisture of the sample, 
of 80 per cent, alcohol. Boiling was continued for 10 minutes, after w^hich 
the jars w^ere sealed and stored pending analysis. Reductions obtained in 
similar samples boiled 10, 30, and 60 minutes indicate that complete extrac- 
tion of the reducing substances was obtained by boiling 10 minutes. 

Small amounts of calcium carbonate were added to the first samples to 
neutralize the acids, but because of the small amounts of acids present and 
the short period of heating, it seemed that hydrolysis would be negligible. 
Archbold (2) in a report on work with apples states: *‘No difference w^as 
found in the estimated amounts of sugar in untreated solutions compared 
with solutions treated with calcium carbonate during the hot extraction or 
with ammonia during both cold and hot extractions. Hydrolysis during 
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alcohol extraction is therefore presumed to be negligible.” The first sea- 
son’s study showed that the calcium carbonate interfered with the pectin 
determinations by neutralizing the weak acid used in extracting total pectins. 
Therefore it was omitted in subsequent samples. 

AnaLym . — ^Benzene extractions, alcohol extractions, water extractions, 
and alkali extractions were made and the cellulose and lignin determinations 
secured as described by Ceist and Batjer. 

Total sugars, sucrose, dextrins, starch, and hemicellulose were deter- 
mined as outlined by the committee on chemical methods of the American 
Society of Plant Physiologists (31). 

Pectins as calcium pectate were determined by the method established 
by CABEfi and Haynes (6) and employed by Appleman and Conbad (1). 

During the growing seasons of 1930 and 1931, reducing substances were 
determined by the modified Shafpee-Haetmann titration method (30, 33). 
The sugar solutions obtained by taking up the alcohol extracts in water, 
being quite free of coloring matter, were used directly to avoid loss of sugars 
which might be thrown down in the clearing process (4). 

Investigations by Phillips (28) indicate that with certain materials the 
Shapfee-Hartmann method gives high values. He cites Sullivan (34) as 
finding that iodine liberated in the presence of plant extracts may be ab- 
sorbed by some constituent of the extract, such as phlorizin, causing an 
error in the determination of the reducing copper. To test this possibility, 
reductions were determined on the water solutions of the alcohol extracts 
of the 1933 samples after being reduced at 80° C. for 30 minutes, first by 
the modified Shafpeb-Hastmann titration method in which titration was 
carried out in the presence of the plant extract; and second, by the volu- 
metric thiosulphate method (17) in which the cuprous oxide is separated by 
means of an asbestos mat in a Gooch crucible and titrated free of the plant 
extracts. To check further on this point, the filtrate from which the cuprous 
oxide had been separated was titrated at once by the modified Shapper- 
Habthann method, with the results presented in tables I and II. 

These data show clearly that with these extracts the modified Shapfer- 
Haetmann method gives values greater than the amounts of copper reduced 
warrant. Indications are that this difference is due to some substance in 
the plant extract which does not reduce the copper, but probably behaves 
as suggested by Sullivan (34) . This substance, whatever its nature, seems 
to be present in larger amounts in extracts from the earlier samples, which 
are more highly colored and contain larger proportions of skin to flesh of 
the fruit. 

. This test was repeated on cleared solutions taken from apple tissue. Ap- 
parently some of the reducing substances were removed by clearing as the 
amounts of reduced copper were slightly lower. The greatest loss was in 
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TABLE I 

AvrauoK cc. OP 0.1 N sotium thiosulphate solution bbquibbd to titeate reduction op Fehl- 
inq's solution secured WITri 50 CO. wr the alcohol soluble extract of apple fruits 


Bate or 

SAMPLING* 

UnCLIAEED SOLUTIONg 

Cleared solutions 
WITH 0.5 grams of neutral 
LEAD ACETATE PER 100 CC. 

First test { 

j Second test 

Titration in presence of plant extract by 
Shapfer-Hartmann method 

Reduced copper separated from plant extoact 
AND titrated BY VOLUMETRIC THIOSULPHATE METHOD 

Difference between the two methods 

Titration in presence of plant extract by 
ShaffeR'Hartmann method 

Reduced copper separated from plant extract 
AND titrated BY VOLUMETRIC THIOSULPHATE METHOD 

Shapfer-Hartmann titration op filtrate from 

VOLUMETRIC THIOSULPHATE METHOD 

CJOPPER TITRATION PLUS FILTRATE TITRATION 

Titration in presence of plant extract by 
Shapfer-Hartmann method 

Reduced copper separated prom plant extract 

AND TITRATED BY VOLUMETRIC THIOSULPHAIT: METH<H> 

Shaffer-Habtmann titration of filtrate from 

VOLUMETRIC THIOSULPHATE METHOD 

Copper titration plus filtrate titration 


cc. 

CC. 

ce. 

cc. 

CC. 

CC. 

CC. 

cc. 

CC. 

1 CC. 

cc. 

May 27 | 




3.4 

1.0 

2.4 

3.4 

1.9 

0.3 

1 1.5 

1.8 

June 4 . . 1 

4.7 

2.4 

2.3 

4.8 

2.4 

2.4 

4.8 

3.2 

2.0 

1.0 

3.0 

10 i 

4.5 

3.0 

1.5 

4.8 

3.0 

1.7 

4.7 

3.5 

2.6 

0.7 

3.5 

16 1 

6.9 

5.7 

1.2 

6.9 

5.3 

1.6 

6.9 

5.7 

5.1 

0.8 

5.9 

24 ji 

7.9 

6.7 

1.2 

8.0 

6.8 

1.0 

7.0 

6.0 

6.2 

0.4 

6.6 

30 ' 

8.2 

7.7 

0.5 

8.3 

7.7 

0.7 

8.4 

7.6 

7.4 

0.5 

7.9 

July 7 , I 

8.4 

8.1 

0.3 

GO 

8.3 ' 

0.6 

8.9 

8.4 

8.0 

0.4 

8.4 

14 . . j 

9.5 

9.5 


9.9 

9.4 

0.5 

9.9 

9.6 

9.2 

0.4 

9.6 

25 1 

10.7 

9.7 

1.0 

11.2 

10.7 

0.6 

11.3 

11.5 

11.3 

0.2 

11.5 

Aug. 9 i 

11.8 

11.8 


11.7 

11.4 

0.4 

11.8 

11.0 

10.7 

0.4 

11.1 

Sept. 9 li 14,5 

14.3 

0.2 

14.6 

14.0 

0.4 

14.4 

13.9 

13.6 

0.2 

13.8 

Oct. 9 

13.3 

13.5 

0.3 j 

13.8 

13.4 

0.3 

13.7 

13.4 

13.1 

0.2 

13.3 


* 80 grams fresh weight for each sample. 


the Shaffbr-Hartmann titrations and shows that about half of this un- 
known material was taken from the solutions by clearing. It would seem 
from these facts that this substance is associated with the skin or pigments 
in both apple and pear fruits. 

Beducing substances in the 1933 samples were determined by the volu- 
metric thiosulphate method, as described (17), except that reduction was 
carried out at 80® C. for 30 minutes by means of a hot water bath. 
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TABLE II 

Average cr. or 0.1 N sodium thiosulphate solution required to titrate reductions op 
Pehling's solution secured with 50 cc. of the alcohol 
soluble extract op pear fruits 


Date OF 
SAMPLING* 

Titration in 
PRESENCE or 
PLANT EXTRACT 
BY SHAFPER- 

Hartmann 

METHOD 

Reduced 

COPPER SEPA- 
RATED FROM 
PLANT EXTRACT 
AND TITRATED 
BY VOLUMETRIC 
THIOSULPHATE 
METHOD 

Filtrate 

FROM 

volumetric 

thiosulphate 

METHOD 
TITRATED BY 

Shaffer- 

Hartmann 

METHOD 

Copper titra- 
tion PLUS 
filtration 
titration 


CC, 

CC, 

CC, 

cc. 

May 20 

1.6 

0.3 

0.6 

0.9 

27 

3.2 

1.5 

1.5 

3.0 

J imo 4 

3.7 

2.2 

0.9 

3.1 

10 

3.1 

2.3 

0.9 

3.2 

16 

4.1 

2.9 

0.6 

3.5 

24 

3.8 

3.0 

0.4 

3.4 

30 . 

3.7 

3.0 

0.2 

3.2 

J Illy 7 

5.2 

4.6 

0.2 

4.8 

14 

6.3 

5.4 

i 0.3 

5.7 

25 

7.3 

6.3 

0.3 

6.6 

August 9 

9.6 

8.7 

0.1 

8.8 

St'ptember 9 . 

15.8 

14.7 

0.1 

14.8 

October 9 ... 

16.7 

16.3 


36.3 

Novemebr 4 

19.0 

18.6 

0.2 

38.8 


* 80 grams fresh weight per sample. 


Hardness of fricits . — Hardness of the fruits was obtained on each samp- 
ling date by means of a jiressure tester ( 20 ). A plunger of 4/16 inch diam- 
eter was substituted for the regulation 5/16 inch one, to permit readings on 
the early hard fruits. The pressures thus obtained may be converted, ap- 
proximately, over to 5/16 plunger values, by the factors 1.42 when skin is 
removed and 1.35 when skin is not removed. These factors were derived 
b}" determining the pressure for each plunger on the same fruits. As the 
ratio varies a little, being greater with the softer fruits, these factors are 
only approximate, but serve to give an estimate of the hardness of the 
early fruits. 


Procedure and results 

During the growing season of 1930, samples for chemical analysis were 
taken periodically of Kieffer and Bartlett pears and Wagener apples from 
vigorous, productive trees. 

Changes in the amount of lignocellulose, total sugars, reducing sugars, 
total pectins and soluble pectins, as percentages of the dry weight were 



SMITH : STONE CELL FORMATION IN PEAR FRUITS 


593 


determined. Figure 1 compares graphically the changes in lignocellulose 
and total sugars in the three fruits studied. 

A more detailed story was desired of the changes occurring in the Kieffer 
fruits. Consequently in 1931 fruits of Kieffer pear were sampled every 
third day from June 2 until July 17 and less frequently thereafter, as long 
as any fruits remained on the tree. As many as 1200 fruits were required 
to furnish enough material for a single sample on the earlier dates and a 
minimum of 25 fruits was used in each sample. 



Fig. 1. Seasonal course of total sugars and lignocellulose as percentage of dry weight 
in fruits of difFerent * * grittiness, ^ ’ 1930. 

Quantitative determinations of the constituents of the Kieffer pear fruits 
secured during the growing season of 1931 are presented in table III and 
graphically in figure 2. The changes in lignocellulose, sugars, and pectins 
are similar to those secured in 1930. 

Changes in relative amounts of lignocellulose in the Kieffer (fig. 1 and 
2), consisting of a very rapid accumulation during the first four weeks 
after fruit setting followed by a less rapid decrease, are identical with those 
found by Crist and Batjer (7). The accumulation of lignocellulose is ac- 
companied by a decrease in the amounts of total and reducing sugars, until 
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FiiQ. 2, Seasonal course as percentage of dry weight of several constituents of 
Kieffer pear fruit, 1931. 

a few days before the peak of concentration of lignocellulose is reached. The 
sugar curves then indicate a piling up of sugars coincident with tlie de- 
crease in lignocellulose. The difference between total and reducing sugars 
is reported as sucrose and persists in relatively small amounts. The curve 
for sugar concentrations could almost be a reciprocal of the curve for ligno- 
cellulose both in value and direction. The percentage of total pectins de- 
creases during the early growing season, while soluble pectins increase. 
After the first part of July, both show a slight gradual increase. The differ- 
ence between total and soluble pectins is reported as protopectin (6), which 
goes over to soluble pectins during the life of the pear. 

Comparison of changes in the apple and pear fruits 

That ^*grit cells’’ are composed chiefly of lignocellulose, and that their 
formation is a result of lignification which may be measured quantitatively 
by lignocellulose determinations has been established by Crist and Batjer. 

As would be expected from their findings, the percentage of lignified 
tissue does not increase in the ‘‘grit cell ’’-free Wagener apple fruits (fig. 
1). Although lignocellulose starts at a concentration equal to that in the 
pear, it decreases continuously throughout the season, except for a short 




TABLE III 

PEKCENTAOE composition op KiEFPEK PEAB PRUITS, 1931, DRY WEIGHT BASIS 
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period in July. Accumulation of sugars is not delayed as in the pear fruits, 
but proceeds at a uniform rate from the very start. 

Changes in hemicelluloses in the Kielfer pear (fig. 2) follow closely 
changes in lignin. Although the changes are of a different character in 
the apple, this relation of hemicellulose to lignin seems to hold, as Widdow- 
SON (37) also shows a rapid decrease in the percentage of hemicellulose in 
the early life of Bramley^s seedling apple, followed by a less rapid decline 
during the remainder of the growing season. Changes in starch concentra- 
tion found in the apple by Widdowson (37) and Tetley (36) have the same 
character as those found in the Kieffer pear. 

Changes in the Bartlett pear are similar to those in the Kieffer, but with 
a general shortening of the whole process. Lignocellnlose curves start at a 
higher concentration, reach a minimum earlier in the season and fall to a 
lower level than those for the Kieffer (fig. 1). Although total sugars show 
a decrease for the first two weeks after fruit set, they are less pronounced 
than in the Kieffer and accumulation of sugars starts about 10 days earlier 
(fig. 1). The greater amount of total pectins in the Bartlett seems to be due 
to a greater quantity of protopectin. The character of the pectin changes is 
much like that found in Kieffer. 

Inspection of figures 1 and 2 reveals a critical point of change^’ in the 
pear fruits where those constituents which have been accumulating decrease 
suddenly, and those materials which have been decreasing, begin to accumu- 
late. This ‘^conversion point” occurs about ten days earlier in the Bartlett 
fruit than in the Kieffer. 

In the Wagener apple there is a rapid accumulation of sugars, showing 
a steady increase in sucrose, and a gradual decrease in lignocellnlose from 
the very earliest sampling. As in the pear fruits, protopectin goes over to 
soluble pectin early in the season. The increase in both total and soluble 
pectins during the last part of the growing season distinguishes pectin 
changes in the apple qualitatively from those in the pear. 

Onslow (27) and Crist and Batjeb show' lignin to account consistently 
for about one-third of the lignocellulose. These data coincide wdth their 
findings and, as would be expected, lignin changes are qualitatively the same 
as lignocellulose (fig. 2). 

Hemicellulose changes, presented graphically in figure 2, are almost iden- 
tical with lignin changes both in amounts and direction, except for the period 
of starch concentration from July 17 to August 24. During this time hemi- 
celluloses do not decrease as rapidly as does the lignin and they maintain a 
difference of about 4 per cent, of the dry weight. It may be significant that 
this over-rapid decrease in lignin, and slowing of the hemicellulose decline, 
coincide closely wdth the high concentration of starch. 



TABLE IV 

PEBCESTAGE rOMPOSITlON OP KiEFPEK pear PRriTS IX storage at 33 ° F., DRV WEIGHT BASIS 
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598 


PLANT PHYSIOLOGY 


Starch remains insignificant (less than 1 per cent.) until early July 
when it begins to accumulate rapidly, reaching a concentration of 5 per cent. 
This high concentration is maintained until the middle of August, after 
which a uniform decline occurs and starch again becomes insignificant about 
the middle of October. 

Dextrins and soluble starches do not become important at any time. 
They do, however, follow the general trend of the starches, with concentra- 
tions varying from 0.5 to 1.5 per cent, of the dry weight. 

Carbohydrate residue curves are similar to lignocellulose curves. 
Analyses show this residue to be composed almost entirely of lignocellulose, 

UmiRE and Bailhache (32) report that ripening, as measured by the 
sugar content, is progressive from the stem end to the calyx end in the three 
varieties of pears studied ; namely, Beurre Hardy, Angouleme, and Comice. 
If this is true in the Kieffer pear, sampling which includes the whole fruit 
would be more representative of the sugar content than that taking only 
the mid-section. For this reason, and to permit the expression of the 
various constituents in absolute quantities per fruit, the samples taken in 
1933 of Kieffer pear friuts and Wagener apple friuts from the college 
orchard comprised whole fruits from which the loculi of the carpels with 
their contents were removed. The average weights and volumes of the 
fruits were determined at each sampling. 



Fio, 8. Seasonal course of reducing sugars, lignocellulose, and lignin as percentage 
of dry weight. Kieffer pear fruit, 1933. 
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The findings secured in 1933 are presented graphically in figures 3 and 
4 on a dry weight basis and in figures 5 and 6 as absolute amounts of 



Fig. 4. Seasonal course of reducing sugars, lignocellulose, and lignin as percentage 
of dry W€*ight. Wagener apple fruit, 1933. 

the constituents per fruit. On a dry weight basis the findings are in 
accord with those of 1930 and 1931. On an absolute amount per fruit basis, 
an entirely different picture of the changes in the constituents is obtained. 

Inspection of figures 3 and 5 reveals the deceptiveness of expressions 
on the basis of percentage of dry weight. None of the constituents of the 



Fig, 5. Seasonal course of actual weight of constituents. Kieffer pear fruit, 1933, 





Percentage composition or Kiepfer pear and Waoener apple, 1933, dry weight basis 
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Fig. (). Seasonal eonrse of actiial weight of eonstituents. Wagener apple fruit, 1933. 

pear fruits decreases, but each one actually increases throughout the grow- 
ing season. Figure 5 shows clearly that the apparent increase and decrease 
in lignocellnlose, when expressed on a dry weight basis, is due only slightly 
to changes in the rate of accumulation of lignin and cellulose, and princi- 
pally to changes of the total dry weight. The chief variable of the dry 

TABLE VI 

Constituents op Kieppbe pear in grams per pruit, 1933 


Date op 
SAMPUNO 

Mois- 

TITRE 

Dry 

WEIGHT 

Alcohol 

SOLUBLE 

NON- 

REDUCTNG 

EXTRACT 

Reducing 

MATERUL 

AS 

DEXTROSE 

Water 

EXTRACT 

Alkali 

EXTRACT 

Ligno- 

CELLU- 

LOSE 

Lignin 



gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

May 

20 

0.08 

0.01 

0.003 

0.0001 

0.0019 

0.0012 

0.0011 

0.0013 

i ( 

27 

0.71 

0.10 

0.040 

0.0040 
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J line 
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t ( 
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0.232 1 

0.0508 

0.0454 

0.1202 

0.3405 

0.1700 

(t 

24 

5.13 

1.44 

0.325 1 

0.0761 

0.0645 

0.1839 

! 0.5387 

0.2662 

( ( 

30 

7.37 

2.07 

0.451 

0.1093 

0.1015 

0.2457 

0.7721 

0.3925 

July 

7 

8.85 

2.70 

0.608 

0.2131 

0.1103 

0.3438 

0.7769 

0.6160 

( < 

34 

13.83 

3.90 

0.927 

0.3727 

0.1724 

0.4375 

1.1419 

0.6336 

it 

25 

20.92 

5.23 

1.369 

0.6465 

0.2799 

0.6995 

1.499 

0.8202 

August 

9 

33.34 

7.66 

2.320 

1.3958 

0.3596 

0.9312 

1.7843 

0.8474 

September 

9 

60.45 

13.71 

5.433 

4.3308 

0.6299 

0.9611 

2.1299 

0.9608 

October 

9 

109.86 

23.14 

9.773 

8.6350 

1.0775 

1.3871 

2.6135 

0.9943 


weight is the alcohol soluble substances, especially reducing sugars. Lignin 
and cellulose accumulate faster during May and June than the other dry 
weight constituents, making a great relative increase of these substances 
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for this period. They continue to accumulate, but at a little slower rate, 
during the rest of the growing season. However, the rapid accumulation 
of alcohol soluble substances beginning about July 1 increases the total 
dry weight of the fruits so quickly that a relative expression of lignocellu- 
lose (fig. 3) indicates, unless cautiously considered, a sudden and rapid 
decrease of this material. 


TABLE VII 

Constituents or Wageni® apple in grams per pruit, 1933 


Date or 

SAMPLING 

Mois- 

ture 

Dry 

WEIGHT 

Alcohol 

SOLUBLE 

non- 

reducing 

EXTRACT 

Beducing 

MATERIAL 

AS 

DEXTROSE 

Water 

EXTRACT 

Alkali 

EXTRACT 

Ligno- 

CELLtl- 

LOSE 

Lignin 



gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

May 

27 

0.26 

0.04 

0.0160 

0.0011 

0.0049 

0.0065 

0.0128 

0.0052 

June 

4 

1.64 

0.20 

0.0881 

0.0145 

0.0139 

0.0346 

0.0489 

0.0237 

( t 

10 

4.13 

0.63 

0.2247 

0.0483 

0.0427 

0.1063 

0.1245 

0.0438 

tt 

16 

5.98 

0.84 

0.2985 

0.1263 

0.0645 

0.2018 

0.1728 

0.0657 

t ( 

24 

1 9.19 

1.33 

0.3740 

0.2466 1 

0.1257 

0.3093 

0.2560 

0.0656 

a 

30 

13.61 ! 

1.89 

0.4775 

0.4135 ' 

0.2003 

0.4573 

0.3917 

0.0903 

July 

7 

19.63 I 

2.97 

0.6710 ! 

1 0.6871 

0.3213 

0.7377 

0.5973 

0.1431 

ft 

14 

30.40 • 

4.43 

0.9898 1 

1 1.1687 

0.4848 

1.1137 

0.7940 

0.1789 

(( 

25 

42.36 

6.69 

1,5445 1 

1.9462 1 

[ 0.5712 

1.6000 

1.2585 

0.2184 

August 

9 

58.50 

9.10 

2.1508 

2.9048 , 

0.7550 

2.0561 

! 1.3859 

0.2233 

September 

9 

81.33 

13.77 

4.7782 

5.0919 i 

0.9004 

2.0052 

1 2.0147 i 

0.2696 

October 

9 

126.24 

18.96 ! 

8.6483 

7.6017 i 

1.0667 1 

2.2098 

1 1.7275 I 

0.2176 


During May and June the increase in size of the fruit is due largely to 
the formation of new cells and at this time cell wall material accounts for 
most of the dry weight of the fruit. After the last of June, increase in 
fruit size is due to expansion of the already formed cells and to enlarge- 
ment of the intercellular spaces (Tetley, 36). This behavior would occa- 
sion a progressive decrease in the proportion of cell wall to cell contents, 
thereby showing a less rapid increase in cell wall materials (lignocellulose) 
during the remainder of the growing season. Alcohol soluble materials 
are present chiefly in the vacuoles of the cells and, as would be expected, 
the larger the cells the greater the proportion of cell inclusions to cell wall 
constituents. Thereafter, it would seem that the great increase in dry 
weight is due to cell inclusions and should be considered separately from 
the cell wall constituents. 

Hardness , — ^Data on hardness of fruits in terms of pounds pressure as 
determined by the standard pressure tester are presented in figure 8 and 
table IX, 
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TABLE VIII 

Weight and volume op Kieppbb peae anh Waoeneb apple pruits, 1933 


Date op 
SAMPLING j 

1 Kiepfer pear 


Wageneb apple 

Av. 

WEIGHT 

Av. 

VOLUME* 

Sp.GR. 

Av. 

WEIGHT 

' Av. 

VOLUME* 

Sp. gr. 



gm. 

CC , 


gm. 

CC, 


May 

20 

0.09 

0.09 

1.00 




t { 

27 : 

0,75 i 

0.73 

1.02 

0.30 

0.30 

1.00 

June 

3 

1.92 

1.84 i 

1.04 

1.84 

1.89 , 

,97 

1 1 

10 .. . 

3.51 

1 3.22 ; 

; 1.09 

4.66 

4.91 

.94 

1 1 

16 

4.82 

4.45 i 

1 1.08 : 

6.82 

7.63 

.89 

t i 

24 . : 

7.08 

6.62 

1 1*07 1 

10.52 j 

11.53 

,91 

it 

30 . . 1 

10.16 

9.27 i 

i 1.09 1 

15.50 : 

17.72 

.87 

July 

7 

12,34 

11.53 j 

I 1.07 ' 

22.50 : 

25.76 

.87 

t i 

14 1 

18.70 1 

17.76 

1.05 ; 

34.83 

40.00 

.87 

i ( 

25 1 

27.60 1 

26.15 

1.05 ' 

49.05 ' 

55.70 i 

.88 

August 

9 ' 

1 

42.80 

40.60 

1.05 

67.80 1 

77.41 

.87 

September 

9 

77.60 

75.00 

1 1.03 

95.10 

111.42 

.85 

October 

9 

138.20 1 

1 

125,00 

I 1.10 

145.20 ' 

! 

164.00 

.88 


* Volume determined by displacement. 


TABLE IX 

Hardness or Kieffeb pear and Waqener apple pruits^ 1933 




Kieppeb pear 

WAGENER APPLE 

Date op 

SAMPLING 

Mean 

S,D.* 

P.E.t 

Corrected 
FOR Gov't. 
PRESSURE 
TESTER t 

Mean 

8.D.* 

P.E.t 

Corrected 
FOR Gov't. 

PRESSURE 

TESTERt 



1 b , 



Ih . 

lb . 



lb . 

June 

10 

20.52 

1.58 

1.06 

27.6 

20.04 

1.75 

1.18 

27.5 

. i 

16 

22.90 

1.77 

1.19 

30.9 

19.52 

1.06 

0.71 

26.3 

i t 

24 

24.11 

0.38 

0.25 

32.5 

20.65 

1.78 

1.20 

27.8 

( i 

30 

23.44 

1.67 

1,12 

31.5 

22.31 

2.14 

1.44 

30.1 

July 

7 

25.44 

1.60 

1.07 i 

34.2 

20.71 

1 1,42 

0.95 

28.0 

< i 

14 

24.27 ! 

1.21 

0.82 

32.6 

20.08 

! 0.87 

0.58 

27.0 

it 

25 

22.40 , 

0.35 

0.23 

30.2 

18.38 

2.43 

1.63 

24.8 

August 

9 

20.79 

1.30 

0.87 

28.0 

16.63 

0.80 

0.53 

22.4 

September 

9 

17.29 

1.10 

0.74 

23.3 

12.00 

1.55 

1.04 

16.2 

October 

9 

12.84 

1 

0.40 

0.26 

17.2 

10.80 

0.79 

0.53 

14.5 


* Standard deviation = ^ - M». 

t Probable error = 8,1). x .6745, 

t Times factor 1.35 to compare with 5/16 regulation size plunger. 
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Storage studies 

For storage studies, Kieffer fruits were picked at three dates : the first 
lot on September 29, before the normal picking date for this variety; the 
second on October 13, about the regular picking time ; and the last lot on 
October 27, later than they are usually harvested. The fruits were picked 
into baskets and placed immediately in cold storage at 33° F. Samples 
for chemical analyses were taken montlily during storage. Notes on the 
condition of the fruits were made at time of sampling. 



Fio. 7. Percentage change in constituents of Kieffer pear fruits in storage at 33* 
F., 1931-32. 
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Emmett ( 13 ) in an investigation of changes in pear fruits found that 
*‘loss of weight in storage is due chiefly to transpiration/’ In this study in 
1931-1932 the pear fruits showed a loss of 1.5 per cent, of their fresh 
weight per month. The dry weight concentration of the fruit actually 
decreased with a corresponding increase in precentage of moisture. In 
spite of this increase in jiercentage of moisture the major loss in weight 
of the fruit is moisture. Thus, paradoxically, the moisture decreases in 
amount while it is increasing in percentage. 

Of the three picking dates represented, October 13 proved to be the 
best for storage. Determinations of reducing materials, soluble pectin, 
total pectins, hemicelluloses, and lignin made on these fruits during storage 
are presented in table VII and figure 7. On the dry weight basis these 
data show increase in all constituents except hemicellulose during storage. 
WiDDOWSON found hemicelluloses to decrease in apples in storage. The 
later-picked fruits had a higher concentration of sugars and lower con- 
centration of lignin, pectins, and hemicelluloses. The intermediate picking 
was intermediate in all these respects. It may be significant that sugars 
show a sharp rise followed by a sharp decrease in the early and late 
pickings. The last picking indicates this break first and this is the inverse 
order of their keeping quality in storage. This also seems to be the case 
with total pectins which disappear as pears become overripe and start to 
break down. Emmett found this to be the case in Bartlett pears. In 
general, chemical changes during the ripening and breakdown in storage 



Fig. 8. Dry weight, fresh weight, and hardness of Kieffer pear and Wagener apple 
fruit, 1933. 
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are similar in pears and apples. The hemicellnloses seem to be the original 
source of respirable material. 

The Kieffer pear fruits picked on October 13 with a pressure of 14.8 
pounds skinned or 18.2 pounds unskinned, kept much better in storage than 
the later or earlier picked fruits. The reducing Inaterial content at that 
time was 42 per cent, of the fruits’ dry weight, although as Magness (19) 
states, differences in chemical composition due to variations in growing 
conditions are so great in relation to those due to stage of maturity that 
any picking test based on chemical composition would prove unsatis- 
factory.” 


Discussion and conclusions 

Assuming that the course of events in the process of lignification occui’s 
as diagrammed, the constituents in order of their complexity would follow 
the scheme outlined by Onslow (26). First, some of the sugar becomes 
oxidized to polyuronic acids, such as galacturonic and glucuronic, which 
may combine with condensation products of the sugars, such as arabinose 
and galactose, to form pectic substances. These pectic substances, then, 
by decarboxylation form five-carbon sugars, such as arabinose, xylose, and 
some hexoses and uronic acids which together make ux) the hemicellnloses. 

The hemicellnloses may go to lignin, a substance having an uncertain 
empirical formula. Norris and Sciiryver (24) were able to produce some 
hemicellulose-like material by treating a pectin preparation. Candlin and 
ScHRYVER (6), also by treating pectin with alkalis, secured hemicellulose, 
similar to that isolated from wood in all respects, and some unidentified 
residues which they state might possibly form combinations with cellulose 
to produce lignocellulose. 

The cellulose seems to be composed of pure glucose and probably is 
formed directly by condensation of glucose (27, p. 67). Lignocellulose has 
a composition of about 60 per cent, cellulose and 40 per cent, lignin (7, 27). 
Two general theories as to the formation of lignin exist (16, p. 49) ; first, 
that cellulose of the cell wall is converted directly to lignin or lignocellu- 
lose ; and second, that materials other than cellulose are lignin precursors. 

Onslow (26, p. 69) supports the first view: ”as the ceils in plants grow 
older the walls usually become lignified; that is, part of the cellulose 
becomes converted to lignocellulose.” Konig and Rump (18) also suggest 
the conversion of cellulose to lignin. 

The changes in the relative amounts of the constituents, as indicated in 
figures 1, 2, 3, and 4, strengthen the hypothesis presented in the lignifica- 
tion diagram. We may consider that the sugars, which the leaves are 
supplying to the fruits, are being converted to pectins and then to hemi- 
celluloses and finally to lignocellulose. The data show a relative decrease in 
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sugars during lignifieation in Kieffer fruit. In the Bartlett fruit with less 
lignidcation, the accumulation of sugars is retarded less; and in the apple, 
with no lignifieation, no checking of the concentration of sugars occurs. 
We should expect the pectins, being intermediate products, to be more 
uniform; and hemicelluioses, because of their greater complexity, to vary 
more with the end product. This is borne out by their relative concentra- 
tions (fig. 2). Associated with the decrease in lignocellulose is an inter- 
mediate decrease in hemicelluioses and a sharp increase in sugars. From 
the graphs showing changes as percentage of the dry weight it is easy to 
imagine the lignocellulose being broken down to hemicelluioses and then 
to sugars. 

Maoness (19), referring to his work with Bartlett pears, concludes that 
“as fruits ripen on the tree, much material other than starch is converted 
into sugars.’’ Mubneee (22) suggests that in the apple, hemicelluioses 
are a source of sugar for the maturing fruit. Crist and Batjeb (7) sug- 
gest a destruction of lignocellulose, and from histological studies, find the 
clusters of “grit cells’’ apparently becoming smaller as there is more 
unlignified tissue between the clusters. These findings seem to support the 
possibility of a breaking down of the more complex materials to simpler 
ones in Kieffer pear fruits during the latter part of the growing season. 

If the same data are plotted (fig. 5) as absolute amounts per fruit 
during the growing season, it becomes difScult to imagine any of the con- 
stituents breaking down. The data show clearly an increase in every frac- 
tion. HemiceUulose changes are almost identical with lignin changes (table 
III, fig. 2) and would, if presented as absolute amounts per fruit, show 
the same increase during the growing season. With these particular data, 
the possibility of hemieellulose supplying sugar to the maturing Kieffer 
pear fruit is not supported. The case may be quite different in the apple, 
however, as an inspection of figure 6 reveals a slight decrease during the 
latter part of the growing season in total amounts of lignin and cellulose. 
As the absolute amount of lignocellulose in the pear fruit does not decrease, 
but actually increases, the destruction of lignocellulose (7) could be 
accounted for by its being formed in new parts of the fruit, as nearer 
the periphery, faster than it is destroyed in the more concentrated areas. 
The writer doubts that actual destruction of lignocellulose occurs. An 
apparent decrease in size of the “grit cell’’ clusters may be due to the 
clusters being pushed farther apart as the fruit increases in size, due to 
increase in size of individual cells in the latter part of the growing season, 
thus distributing the stone cells over a greater area. 

It therefore becomes apparent that there is no basis for the support 
of the supposition that lignocellulose is being converted over to sugars or 
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to any other material. However, it does seem quite probable that the 
building up of lignocellulose is through these intermediate materials. 

It is evident, therefore, that the amount of grit cells of pears depends 
principally on the extent of grit cell formation during early stages of 
the formation of the fruit and apparently is not reduced by changes taking 
place in the grit aggregation during the latter part of the growing season 
or during ripening. This in turn means that the process is not likely 
to be materially influenced by cultural or handling practices and bears out 
the suggestion of Crist and Batjer that only through his choice of varieties 
does the pear grower have any considerable control over this more or less 
objectionable characteristic of pear fruits. A distinction between absolute 
amount and apparent grittiness is evident when the fruit becomes soft, 
as when allowed to ripen on the tree, permitting the grits to separate easily 
from the pulp and making them more noticeable. A fruit ripening on the 
tree is increasing more rapidly in substances other than grit cells, although 
it is actually increasing slightly in absolute amounts of grit cells. In 
apparent grittiness it is increasing greatly. This accounts for the popular 
impression that grittiness’’ increases when pear fruits are allowed to 
ripen on the tree. 


Summary 

1. Existing data (and the first two years’ results of this study) showed 
such a tremendous decrease of the percentage of lignocellulose (stone cells) 
accompanied by an equally great increase of reducing materials, in matur- 
ing Kieffer pear fruits, that it suggested that part of the lignocellulose had 
been converted to reducing substances. Investigations of these changes in 
the Bartlett pear, a fruit in Tvhich lignocellulose occurs in smaller quanti- 
ties, showed that as a percentage of the dry weight the lignocellulose began 
to decrease, with a corresponding increase in reducing substances, about 10 
days earlier than in the Kieffer. Similar studies of the Wagener apple, a 
fruit which contains very little lignocellulose, indicated decreases of ligno- 
cellulose and accumulation of reducing substances occurring in the first 
samples taken soon after petal fall. These results strengthened the supposi- 
tion that lignocellulose may be converted to reducing materials. 

2. During the growing season of 1933, changes in absolute amounts of 
these materials in the Kieffer pear and Wagener apple w^ere determined. 
These determinations show that there was no actual decrease in lignocellulose, 
but because of the great increase of alcohol soluble materials, the percentage 
of lignocellulose decreased rapidly. The findings in 1933 indicate that ligni- 
fied tissue does not break down to form less complex materials in these 
fruits during growth. 
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3. Calculated changes in composition may be misleading -when presented 
as percentages. Total “grit” in jiear is not reduced during ripening, but 
“grittiness” is masked by the increased amounts of other constituents of the 
fruit. 

4. There is evidence, however, that the sugars are built up, through the 
compounds studied, to lignified tissue. 

5. In storage, hemicelluloses decreased more than any other constituents ; 
this suggests that these materials may be the source of respirable substances 
for the fruit after its removal from the tree. 

6. The modified Shaffer-Hartmann titration method, employed for de- 
termining amounts of reducing material during the first two years’ study, was 
found to give higher values on young pear and young apple fruit extracts 
than the amounts of copper reduced warrants. The high proportion of 
skin to flesh in the samples taken when the fruits were small is so closely 
associated with these unwarranted high values that adsorption of the iodine 
reagent by some material in the skin is indicated. 

7. The suggestion of Crist and Batjer that the grower has little control, 
other than variety selection, over the “grittiness” of his pear fruits, is 
supported. 

The writer wishes to acknowledge the assistance and encouragement of 
Dr. J. W. Crist in the inception and execution of this study ; the construc- 
tive criticism and suggestions of Professor V. R. Gardner in preparation 
of the manuscript ; and the helpful suggestions of Professor C. D. Ball on 
chemical technique. 

Michigan' State College 
East Lansing 
Michigan 
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STUDIES OP THE EFFECT OP ARTIFICIAL WIND ON GROWTH 
AND TRANSPIRATION IN HELJANTHUS ANNUU8 


E. V. Maetin and F. E. Clements 
(with ten riGUBES) 

Introduction 

Although considerable attention has been given to the influence of wind 
on transpiration, the results that have been obtained are very conflicting. 
Practically all control experiments with this factor have been in the region 
of very low velocities. Knight (12) found that a wind velocity of 7 meters 
per minute (0.26 miles per hour) caused an increase in the rate of tran- 
spiration of about 50 per cent. StIlpelt (21), using single detached leaves 
suspended in an analytical balance case, obtained a very rapid rise with 
wind up to a velocity of 10 meters per minute, a slower increase from there 
to 30 m./min., but no further increase as the wind rose to 60 m./min. (2.24 
miles per hour). This maximum increase was 140 per cent, of the value 
with no wind. Piebas (8), who employed cut shoots under a wind velocity 
of 3.75 m./sec., obtained similar results with low rates of transpiration, but 
with high rates (shoots in direct sunlight) wind actually caused a decrease. 
yEYBOLD (18, 19, 20) concluded that wind has no influence on stomatal 
transpiration but only on the cuticular component, the result being that 
only those plants with a high cuticular transpiration, namely hydrophjrtes. 
showed an appreciable increase in the transpiration rate due to the action 
of wind. 

Observations on water losses of plants under natural conditions have 
also yielded conflicting results. Copeland (6) found an increase in the 
ti’anspiration rate of coeoanut palm in full sunlight of about 100 per cent, 
with a wind velocity estimated at 5 miles per hour. Others ( 4 , 9) have 
noted an increase with velocities up to 8 miles per hour, but a retardation 
with higher velocities. Wilson (22) observed that the rate of transpiration 
of some Australian plants was checked when the wind velocity rose to 20 
miles per hour. Bbiggs and Shantz (2, 8), however, concluded from their 
studies of the correlation between environmental factors and transpiration 
rates for the growing season that only from 2 to 6 per cent, of the water 
loss could be attributed directly to the action of wind. 

Nearly all the control work in this field has been with cut shoots or 
leaves, which rarely give dependable results, while that with rooted plants 
has for the most part been under natural conditions with no attempt to con- 
trol the wind velocity. A combination of these methods has been utilized 
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in the present work by growing plants in cans but under otherwise natural 
conditions and producing artificial wind by means of large fans. 

These fans have also been employed in a study of the effect of continuous 
wind upon plant growth. Although the depressing effect of wind has long 
been recognized, very few measurements of a quantitative nature have been 
made. Blanchard (1) compared the growth and yield of two orchards of 
Eureka lemons and found that the factor of improvement in yield due to 
protection from wind was 5 to 7 and in size of trees about 3. Finnell (7) 
has grown marigolds under a constant wind velocity of 15 miles per hour 
and found that it caused a reduction of about 50 per cent, in dry weight of 
material produced. 

I. Effect of wind on transpiration; short time series 

Methods 

For all series, plants of Helmnthns annum were grown from seed in 
•water tight, cylindric, galvanized iron cans 8 in. in diameter and 10 in. in 
height. Each of these was fitted with a removable lid that had in its center 
a circular opening 2 in. in diameter. The soil used was a good loam of as 
nearly uniform texture and moisture as was feasible. The holard was set 
at approximately 65 per cent, of saturation (or 28 per cent, of the dry 
weight of the soil), and the total amount of water in each can w-as kept 
within a few per cent, of this value throughout the growing period as well 
as during the test series. When necessary, water w^as added through a glass 
tube extending into a layer of gravel about 1 in. thick in the bottom of the 
can. When the plants were 6 to 8 weeks old, the containers were sealed by 
adding a layer of sand about | in. thick on top of the soil, filling the opening 
in the lid with non-absorbent cotton, and corking the glass tube. The effi- 
ciency of this seal was tested by means of controls without plants. Weigh- 
ings made on a torsion balance to the nearest gram during the time the 
experiments were in progress showed that these containers seldom lost a 
detectable amount. 

Wind was produced by fans taken from Pierce- Arrow and Packard 
motor ears, mounted on specially constructed supports, and driven by i h.p. 
induction motors. The wind velocity was regulated partly by pulley ratio 
and partly by adjusting the distance of the fans from the plants. Velocities 
from about 0.5 to 25 miles per hour were obtainable with this installation 
and measurements were made by means of a small fan type anemometer. 

In all series, two sets of four plants each were used, one serving as a 
test set, the other as a control. The two sets were selected from a large 
group in order that they might be as nearly alike as possible. To obtain 
conditions sufficiently calm for these experiments, it was necessary to work 
inside the greenhouse, since there is practically always some movement of 
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TABLE I 

Transpiration rates in grams per square oEciitfETER per hour from series taken inside greenhouse 


Date 


1 No W^IND 

Wind = 0.8 m.p.h. 

No WIND 

Wind 


Time 

9:30- 

10:30- 

11:30- 

12:00- 

12:30- 

1:30- 

2:30- 

3:30- 

6:00- 

8:00 P.1I. 

5/8/36 

interval 

10:30 

11:30 

12:00 

12:30 

1:30 

2:30 

3:30 

5:00 

8:00 

8:30 A.M. 

T,* 

0.512 

0.539 

0.678 

0.892 

1.08 

1.10 

1.33 

0.787 

0.308 

0.152 



Tft 

0.499 

0.544 

0.859 

1.23 

1.38 

1.47 

1.81 

0.727 

0.272 

0.189 


T|,/T, 



1.25 

1.38 

1.98 

1.34 

1.36 



1.24 



No WIND 

Wind = 2.1 m.p.h. 

No 

WIND 

Wind 


Time 

8:30- 

9:30- 

11:30- 

12:00- 

12:30- 

1:30- 

2:30- 

3:30- 

5:00- 

6:30p.m. 

5/9/35 

interval 





1:30 

2:30 

3:30 

5:00 

9:30 

8:30 A.M. 

Ta* 




BtIBi 

0.850 

0.542 

0.516 

0.445 

0.160 

0.108 



Th 

0,578 

0.593 

1,05 

1.25 

1.16 

0.637 

0.711 

0.548 

0.146 

0.136 


To/sr. 



1,39 

1.46 

1.37 

1.18 

1.38 

1.23 


1.26 



No WIND 

Wind =5.5 m.p.h. 

No WIND 

1 

Wind 


Time 

8:30- 

10:15- 

11:30- 

12:00- 

12:30- 

1:30- 

2:30- 

3:30- 

5:15- 

8:30 p.M. 

5/10/35 

interval 

10:15 

11:30 

12:00 

12:30 

1:30 

2:30 

3:30 

5:15 

8:30 

8:00 A.M. 

Ta* 

0.344 

0.707 

0.972 

1.20 

0.682 

0.717 

1.09 

0.595 

0.213 

0.127 



Tb 

0.340 

0.710 

1.57 

1.59 

0.856 

1.01 

1.50 

0.540 

0.195 

0.159 


Tb/Ta 

0,99 

1.00 

1.61 

1.32 

1.27 

1.41 

1.38 

0.91 

0.91 

1.25 



No WIND 


Wind 

= 9.5 M.P.H. 


No WIND 

i Wind 


Time 

8:00- 

9:40- 

11:40- 

12:00- 

12:30- 

1:30- 

2:30- 

3:30- 

5:30- 

8:30 p.M. 

5/11/35 

interval 

9:40 

11:40 

12:00 

12:30 

1:30 

2:30 

3:30 

5:30 

8:30 

7:30a.m. 

Ta^ 

0.590 

1.52 

2.24 

2.29 

2.63 

2.34 

1.64 

0.676 

0.161 

0.122 



Th 

0.672 

1.57 

4.44 

3.21 

3.98 

3.16 

2.25 

0.568 

0.136 

0.179 


Tb/Ta 

0.97 

1.03 

1.98 

1.40 

1.51 

1.35 

1.37 

0.84 

0.84 

1.47 


* Tfl and Tj, are the transpiration rates of the two sets of plants a and h, while their ratio is given by Ts/Ta. Set 
a is the control and has no wind at any time, while b is the test set and has wind during the periods indicated. 
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TABLE I — (Continued) 

Teanbpikation rates in grams per square decimeter 


Date 


No WIND 

Wind = 16 m.p.h. 


Time 

8;30- 



11:50- 


01^9 

2:00- 

2:30- 


interval 

9:30 



12:05 



2:30 

3:30 


Ta* 



1.18 

1.18 


1.11 

0.86 

0.75 

5/14/35 

Ts 

1.01 



2.81 

1.23 

1.53 

1.29 

1.18 


Tt/Ta 


1.13 


2.38 

1.24 

1.38 

1.50 

1,57 



No WIND 

Wind = 2.6 m.p.h. 

No WIND 


Time 

9:30- 

10:10- 

10:48- 

11:03- 

11:38- 

12:41- 

1:34- 



interval 




11:38 

12:41 

1:34 

2:38 



T« 





0.69 


1.22 


5/15/35 

To 

1.05 


1.41 


0.91 


1.19 



Ti,A» 



1.78 


1.32 

0.90 

0.97 



1 No 

1 WIND 

Wind = 0.7 m.p.h. 

No WIND 


Time 

8:00- 

9:44- 

9:59- 


11:34- 

11 :49- 

1:13- 

4:59- 


interval 

9:44 

9:59 


11:34 

11:49 

1:13 

4:59 

5:45 


T« 

1.15 

1.97 

2.08 

2.49 

2.89 

2.85 

2.13 

1.10 

5/16/35 

Ti, 

1.20 

2.44 

2.44 

3.16 

2.66 

2.66 

2.06 

1.28 

Ti,/T« 

1.04 

1.24 

1.17 

1.27 

0.92 

0.93 

0.97 

1.10 


• To and li are Hie transpiration rates of the two sets of plants a and 6, while their ratio is 
wind during the periods indicated. 


air in the open. The greenhouse measures 39 ft. x 16 ft., and hence is quite 
large enough for the purpose. Stomatal openings were determined at regu- 
lar and frequent intervals during each series by means of the well know'n 
alcohol method (Lloyd, 14 ). Leaf areas in square decimeters were deter- 
mined by multiplying the product of the length and width of each leaf in 
centimeters by the factor 0.0134 (Clements and Goldsmith, 6). 

Besolts 

The transpiration measurements from seven representative .series are 
given in table I, in which To denotes the rate of transpiration of the control 
set of plants in grams per square decimeter per hour, Ti, that of the te.st set, 
and T»/To the ratio of the rate of water loss of b to that of a. These i-esults 
are shown graphically in figures 1 and 2, which portray the transpiration 
rate of the test set in percentage of that of the control. Each series began 
in the morning with one or more periods during which neither set had any 
wind, followed by several hours of wind, a second check period of two, and 
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TABLE I — {Continued) 

PEK HOUR raou SERIES TAKEN INSIDE OBEENHODSE 


No WIND 

Wind 

No 







WIND 







8:45 1’.M. 

8:50 A.M. 





fBt 


8:50 A.M. 

10:15 A.M. 







0.151 








0.302 

0.94 





0.97 

1.33 

2.00 

0.99 





Wind = 5.4 m.p.h. 

No WIND 


2:38- 

2:63- 

3:23- 1 

3:63- 

5:18- 

5:33 p.m. 



2:53 

3:23 

3:53 

5:18 

5:33 

; 8:00 a.m. 



1.13 

1.23 1 

0.92 

0.91 





2.14 

1.55 ! 

1.05 

1.32 





1.89 

1.26 

1.14 

1.45 

i 0.84 

0.98 





Wind = 16 m.p.h. 


No WIND 

5:45- 1 

6:00- 

1 6;15- : 

6:30- 

8: 15 p.m. 

8:28- 

8:44- 

9:93- 

■jfiliiP 

6:15 

6:30 1 

8:15 

8:28 A.M. 

8:44 

9:03 

10:06 

1.04 

0.70 

HRfwSH 

0.219 

■m 

1.44 

1.54 

1.96 

2.08 

0.92 




1.10 

1.44 

1.75 

2.00 

1.31 

1.48 

1.76 

1.54 i 

0.76 

0.93 

0.89 


given by T^/Tn. Set a is the control and lias no n’ind at any time, while h is the test set and has 


finally usually wind again during the night. For all series, the losses of 
the two sets during the initial check periods were the same within a few per 
cent., but when the wind was turned on the test set, its transpiration rate 
invariably rose with respect to that of the control, the increase depending 
on the wind velocity. 

For the low velocity winds, up to about 2 miles per hour, the transpira- 
tion rate increased from 20 to 30 per cent., and this value was maintained 
approximately constant during the entire time the wind was turned on. 
For higher velocities, however, there was a comparatively high initial rise 
lasting no more than 15 minutes and in many cases probably less, followed 
by a much lower value, after which there was usually a gradual increase. 
This high initial rise increased with rising wind velocity, being 78 per cent, 
for 2.6 m.p.b., 89 for 5.4, 98 for 9.5, and 138 for 16 m.p.h. These values are 
considerably higher than the averages for the entire periods that the wind 
was acting. These latter values are given in table II, for both the day and 
night periods, and the daytime ones are shown graphically in figure 3. The 
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TABLE II 

General summary or results prom series taken inside greenhouse 


Date 

Daytime interval 

Wind 

VELOCITY 

Av. 

T»/T* 

Nighttime 

interval 

Av. 

T(,/T 

5/16/35 

9:44 A.M. -11:34 A.M. 

w.p.h. 

0.7 

! 

1.23 



5/ 8/35 

11:30 a.m.~ 3:30 p.m. 

0.8 

1.32 

8:00 p.m.-8:30 a.m. 

1.24 

5/ 9/35 

11:30 a.m.- 5:00 p.m. 

2.1 

1.34 

9:30 p.m.-8:50 a.m. 

1.26 

5/15/35 

10:48 a.m.-12:41 p.m. 

2.6 

1.34 

, . . , 1 


5/15/35 

2:38 P.M.- 5:18 P.M. 

5.4 

1.40 

I 

... 

5/10/35 

11:30 a.m.- 3:30 p.m. 

5.5 

1.38 

^ 8:30 p.m.-8:00 a.m. 

1.25 

5/11/35 

11:40 a.m.- 3:30 p.m. ! 

1 9.6 

1.46 

8:30 P.M.-7 :30 A.M. 

1.47 

5/14/35 ' 

11:50 a.m.- 3:30 p.m. 

16 

' 1.50 I 

8:45 p.m.“8:50 A.m. 

2.00 

5/16/35 ; 

5:45 p.m.- 8:15 p.m. 

16 

' 1.71 1 

L 1 

8:15 P.M.-8 :28 a.m. 

1 

1.54 


ratio of to Ta rises rapidly with velocity up to about 2 m.pJi., but the 
increase thereafter is much slower. A wind of 1 m.p.h. causes a rise in the 
traiispii’ation rate of about 30 per cent., while one of 16 m.p.h. induces only 
about 50 per cent. The night values are of approximately this same order 
of magnitude, although the low velocities appear to have less effect and the 



Fig. 3. The ratio of the transpiration rale of the test set (Tj>) to that of the control 
(Ta) represented as a function of wind velocity. The values are all averages for from 2 
to 4 hours of wind daring the daytime hours. 
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high ones more effect than during the day. Although the relative increase 
in transpiration rate during the night is nearly the same as during the day^ 
the actual increase in grams per square decimeter per hour is much less. 
This effect is shown graphically in figure 4 by the data taken May 11, 1935. 


AM PM AM 



Fig. 4. Eesults from the short time series of May 11, 1935, with a wind velocity of 
9.5 miles per hour. Tho actual transpiration rales of the test and control sets are shown 
in the lower part as T?, and Tu respectively, while their ratio in percentage is shown above. 


The lower section of figure 4 shows the actual transpiration rates of the 
two sets of plants and the upper their ratio. Wind in this case caused a 
rise of about 46 per cent, both day and night, although the actual increase 
in grams per square decimeter per hour during the day was about 20 times 
as great as during the night. 
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The behavior of the stomata during the various series depended on the 
wind velocity, currents below about 2 m.p.h. having no observable effect, 
those above this value usually showing a distinct influence. The stomatal 
openinp for some of the series, given in table III, show the action typical 


TABLE III 

Stomatal opekings for some of the series taken inside the greenhouse 


5/10/35 

5/11/35 

5/15/35 

5/16/35 

Time 

a 

h 

Time 

a 

b 

Time 

a 

b 

Time 

a 

b 

8:30 A.M. 

5 

5 

8:00 A.M. 

5 

5 

10:50 A.M. 

5 

5 

5:45 P.M. 

3 

3 

10:30 

5 

5 

9:45 

5 

5 

Wind of 2.6 



Wind of 16 



11:30 

5 

5 

11:30 

5 

5 

m.p.h on at 



m^p.h. on at 



Wind of 5.5 



Wind of 9.5 



10:50 A.M. 



5:45 P.M. 



in.p.h on at 



m.p.h. on at 



11:10 

5 

1 

6:00 

3 

1 

11:30 A.M. 



11:40 A.M. 



11:45 

5 

2 

6:15 

3 

1 

12:00 

5 

1 

12:00 

5 

0 

Wind off at 



6:30 

3 

1 

12:30 P.M. 

5 

1 

12:30 P.M. 

5 

1 

12:42 



8:20 

0 

0 

1:30 

4 

1 

1:30 

5 

1 

12:45 P.M. 

5 

2 

8:30 A.M. 

5 

3 

2:30 

4 

1 

2:30 

5 

1 

2:35 

5 

4 

Wind off at 8:30 



3:30 

4 

1 

3:30 

5 

1 

Wind of 5.4 



10:15 A.U, 

5 

5 

Wind off at 3:30 



Wind off at 3:30 



m.p.h. on at 






5:15 

1 

3 

5:30 

2 

1 

2:38 p.m. 






8:15 P.M. 

0 

1 

8:30 P.M. 

0 

0 

3:00 

5 

1 







Wind of 9.6 



3:30 

5 

1 







m.p.h. on at 



4:00 

4 

1 







8:30 P.M. 



5:20 

3 

2 







7:30 A.M. 

4 

2 

Wind off at 5:20 












8:00 A.M, 

5 

5 





^Stomatal openings are graded according to an arbitrary scale with 0 denoting closed 
and 5 wide open; b is the test set and a the control. 


of the effect of wind. The stomata closed, although usually not completely, 
in less than half an hour and in some cases in less than 15 minutes, and re- 
mained so the rest of the day, provided the wind was blowing. However, 
if the wind ceased, the stomata usually reopened within a couple of hours. 
When the wind blew aU night, the stomata opened the next morning to only 
about half their maximum. (For other pertinent data see table IV.) 

The high initial rates of transpiration at the onset of wind of the higher 
velocities caused a certain amount of wilting, as evidenced by the flaccid 
appearance of the leaves at the end of the first period after the wind was 
turned on. This effect was evident in the series of May 15 with the 5.4 
m.p.h. wind, that of May 11 with the 9.5 m.p.h. wind, and those of May 14 
and 16 with the 16 m.p.h. wind, but in none of the others. In all cases this 
effect appeared in about 15 minutes and vanished in about half an hour, 
and in no case was it very marked. Wind of 16 m.p.h. caused slight bruis- 
ing around the edges of some of the leaves and in places where they folded 
over or touched each other; however, this effect was not noticeable with 
lower velocities. 







TABLE IV 

Values or air temperature in degrees Fahrenheit and relative humidity in percentage poe the series 
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The very high initial rate of transpiration that takes place at the onset 
of wind in the higher range of velocities apparently causes a reduction in 
the sap content of the les,ves as shown by their slightly flaccid appearance 
at this time and a consequent closure of stomata, both of which factors 
doubtless play a part in the reduction of the relative transpiration rate that 
occurs during the second weighing interval. Following this second period, 
the flaccidity disappears and there usually occurs a rather slow increase in 
the relative transpiration rate, which continues until the wind ceases. The 
recovery of turgor in the leaves and the fact that the stomata remain at 
about the same degree of opening during this period of gradual increase 
indicate that the rise must be due to a gradual restoration of the sap con- 
tent of the leaves with resultant increase of transpiration. The fact that 
tliis gradual increase exists at all indicates that the closure of the stomata 
retards transpiration sufficiently to permit recovery of the sap content of 
the leaves. 

On the other hand, an indication that the stomata do not always play a 
controlling part in regulating transpiration is obtained from the relative 
transpiration rate immediately after the wind stops. Though there is at 
this time practically always a reduction in the rate of the test set below that 
of the control, it is rarely more than 20 per cent., in spite of the fact that 
the stomatal opening may be considerably less. In this connection it is im- 
portant to note that even in cases when the stomata are open, a drop of 
about 10 per cent, occurs, due probably in these cases to the lower sap con- 
tent of the leaves. This view is supported by the fact that the relath^e in- 
fluence of wind on the rate of water loss during the night, when the stomata 
are closed, is much the same as during the day. This means either that 
wind has practically the same effect on the cuticular as on the stomatal com- 
ponent of transpiration, or that stomata may sometimes play only a small 
part in the regulation of transpiration. This latter view is supported by 
the work of other investigators (10, 13, 16, 16). 

Comparison of the data from different series indicates that the closure 
of stomata by wind is not entirely due to the water relations, but at least 
partly to mechanical action. This is well illustrated by comparison of the 
stomatal behavior of the test set on May 10 (wind of 5.5 m.p.h.) with that 
of the control on May 11. In the former case, the stomata closed and re- 
mained so while the wind continued, but in the latter they remained wide 
open, even though the transpiration rate throughout the series was nearly 
twice as great. A direct test of this assumption is difficult, since it is hard 
to shake a leaf without increasing its transpiration, and it is also difficult to 
prevent wind shaking the leaf. This effect is in agreement with the work 
of Knight (11) and LoptfieijD (16), who found that the stomata of some 
plants are sensitive to the shock of handling the leaves. 
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Discussion 

The assumption that the high initial rise in the transpiration rate that 
occurs at the onset of winds of velocities greater than about 3 m.p.h. lasts 
probably less than 15 minutes is supported by the experimental data. The 
effect is illustrated best by the series of May 16 with the 16 m.p.h. wind. 
In this series, the transpiration rate for the first 15 minutes after the wind 
started w^as 2.08 grams per square decimeter per hour, representing an in- 
crease of 100 per cent, with respect to the control, while for the next period, 
also 15 minutes, the rate was 0.92, or an increase of only 31 per cent, with 
respect to the control. This large decrease in the relative transpiration 
rate during the second period indicates that at the beginning of the initial 
period the increase in the rate of the test set must have been much greater 
than 100 per cent, and at the end smaller. This assumption is further sup- 
ported by the fact that at the end of the initial 15-minute period, the leaves 
showed some evidence of flaccidity even though the transpiration rate was 
only 2.08 gm./'dm.Vhr., while during the period 12 : 30-1 : 30 on May 11 the 
rate of transpiration of the test set was 3.98 with no evidence of flaccidity. 
This sort of action appears to be explainable only by the assumption that 
the transpiration rate must be very high for the first few minutes of the 
initial period of wind with a subsequent rapid decrease. It is unfortunate 
that the methods used in these experiments did not permit a direct test of 
this assumption, but 15 minutes was the shortest time interval that could be 
employed without too great sacrifice of a(*.euracy in weighings. 

When the stomata do respond to the action of wind, they close partially 
or completely, as the case may be, in less than half an hour, and for the high 
velocities in less than 15 minutes. The lowest velocity of wind that will 
induce closure of stomata seems to be somewhere between 2 and 3 m.p.h., 
although some series have been taken in which wind of as high as 5 m.p.h. 
had no noticeable effect on the stomata. In these, however, there was no 
indication of the very high initial rise in the relative transpiration rate that 
occurs in the series given here with the same wind velocity, although the 
average increase in the rate for the entire period of wind agreed very 
closely. The range between 2 and 5 m.p.h. appears to be critical in that 
w ind of these velocities will sometimes close stomata, sometimes not, appar- 
ently depending upon some factor or factors to which it cannot at present 
be assigned. Below this range, wind has not been observed to affect the 
stomata, but above it invariably does so. 

II. Effect of wind on growth and transpiration; long time series 

Methods 

For these experiments, plants of Helianihus annuus were grown from 
seed in cans of the type described above, with three or four seeds in each. 
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When the plants had reached the first leaf stage, they were selected for uni- 
formity of height and leaf size, leaving only one in each can. The cans were 
then sealed with sand and cotton, and placed in wooden boxes 2x4x1 ft, 
deep, sunk in the ground with their tops level with the surface. These 
boxes were covered with rather closely fitting lids of masonite in order to 
prevent the large variations in soil temperature that would occur if the 
cans were exposed directly to the sun’s rays. Four of these boxes were used 
with six phytometers and one check can in each. One set served as a con- 
trol with only the natural wind, while the other three had artificial wind of 
about 5, 10, and 15 miles per hour produced by the fans described above. 
These fans measure approximately 20 to 22 inches in diameter, so that the 
stream of air was quite wide enough to cover the entire set of plants 
throughout the growing period. 

The water content was maintained constant within a few per cent, and 
a record of water used was kept. Measurements of leaf ai-eas and diurnal 
variations in transpiration rates and stomatal openings were made at inter- 
vals during the growing period. When the plants had become as large as 
the wind current would cover, the series was terminated, final measurements 
of leaves and stems were made, and the plants were dried in a large oven to 
obtain their dry weights (17). 

Of the four series conducted, two were in the fall and two in the spring. 
Series I began with the planting on September 25, 1933, and ended Novem- 
ber 17 ; the second ran from March 13, 1934, to May 2 ; the third started 
September 15, 1934, and ended October 26; and the fourth lasted from 
Februarj^ 26, 1935, to April 25. 


Eesults 

The average leaf areas of plants taken at intervals during series I are 
given in table V and are shown graphically in figure 5. The four curves, 
A, B, C, and D, correspond to the four sets of plants. A, B, C, and D, respec- 

TABLE V 

Average leaf areas of plants in square decimeters at intervals during the growing 

period; series I 


Date 


A 

1.16 

3.58 

10.70 

19.00 

22.20 

46.5 

B 

1.17 

3.78 

10.20 

18.30 

21.20 

44.5 

C 

0.83 

2.20 

5.50 

1 

10.90 

12.90 

26.8 

D ... . 

0.70 

1.92 

3.63 

1 6.33 

7.33 

13.9 
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Pia. 5. Average leaf areas in square decimeters for tlic four sets of plants A, B, C, 
and D with wind velocities of about 0, 5, 10, and 15 miles ])er hour respectively, determined 
at intervals during series I. 


TABLE VI 

Weekly avehage transpiration rates during the growing period for series IV 


1 

Period 

Set no. 

Average transpiration rate 

r nr /nxr PbbCENTAOE 

GM./DM. /*-4 HR. j OP CONTROL 

3/20/35 

A (control) 

1X.4 j 

100 

to 

B 

11.4 i 

100 

3/27 1 

C 

n.o 1 

96 


D i 

10.9 

96 

3/27 

A 

5.94 j 

100 

to 

B 

6.40 I 

108 

4/3 

C 

7.09 

119 


D 

7.88 

133 

4/3 

A 

8.04 

100 

to 

B 

9.62 

120 

4/10 

C 

10.8 

134 


D 

10.3 

128 

4/10 

A 

11.3 

; 100 

to 

B 

14.0 

124 

4/17 

C 

15.9 

141 


T> 

17.5 

155 

4/17 

A 

12.6 

100 

to 

B 

15.0 

119 

4/24 

C 

16.8 

183 


D 

18.3 

145 







MARTIN AND CLEMENTS: EFFECT OF ARTIFICIAL WIND 


629 


TABLE VII 

Daily march of transpiration of plants grown under continuous wind; series II. 
Data taken May 2, 1934, at which time the plants were 7 weeks of age» 
Values given are in grams per square decimeter per hour 



tively, with wind velocities of approximately 0, 5, 10, and 15 miles per hour. 
The average transpiration rates for weekly periods during series IV were 
obtained from the average leaf areas and total transpiration during those 
periods ; they are given in table VI and are shown graphically in figure 6. 

TABLE VIII 
Results from the pour series 


Series ; 

Set 

NO. 

Av. 

leaf 

area 

1 

i 

Av. 

STEM 

ht. 

Av. 

stem 

DIAM. 

1 Av. 

DRY 

wt. 

Av. 

total 

transpi- 

ration 

Av. 

WATER 

require- 

ment 

Age OF 

PLANTS 

No. 

PLANTS 
PER SET 


1 

dm/i 

1 cm. 

mm. 

i ffnu 

gm. 

gm./gm. 

days 



A 

46.5 

1 

14.7 

33.5 

7520 

224 



I 

B 

44.5 

63 

15.0 

29.0 ^ 

6870 

237 

53 

' 6 


C 

26.8 

' 40 

11.4 

18.5 

4960 

268 


6 


D 

13.9 

! 33 

10.3 

11.2 

3210 

286 


6 


A 

28.0 

63 

13.3 

1 

40.0 



i 

1 

6 

II 

B 

18.7 

47 

12.2 

28.6 i 



50 

4 


0 

18.0 

45 

11.7 

26.6 1 




5 


D 

13.5 

44 

11.6 

22.4 




6 


A 

37.0 

53 

13.9 

21.3 

4730 

j 222 ! 


6 

III 

B 

31.8 ; 

42 

12.5 

19,1 

4320 

226 

1 41 

5 


C 

15.5 I 

33 i 

9.8 

' 10.2 i 

2770 j 

271 I 


6 


D 

8.5 ! 

! 

23 

8.6 : 

1 6.2 : 

1 

1760 j 

i 

284 


6 


A 

15.4 

48 

11.3 

16,5 

2640 

160 


6 

IV 

B 

14.0 

48 

11.2 

15.8 . 

2765 

175 

58 

6 


C 

12,9 

47 

11.0 

12.2 

2515 

I 206 


6 


D 

9.3 

32 

9.6 

7.1 

1770 

1 249 
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LEAF STEM STEM DRY TRANSPI- WATER RE- 
AREA HEIGHT DIAMETER WEIGHT RATION QUIREMENT 

Fig. 8. Final plant measurements, total transpiration, and water requirement for all 
series. The ordinate represents leaf areas in square decimeters, stem heights in centi- 
meters, stem diameters in millimeters, and dry weight in grams, but only of the total 
transpiration in grams and 1/5 of the water requirement in grjims of water i^qt gram dry 
weight of material produced. 

For the first week after subjection to wind, sets A and B had tlie same tran- 
spiration rate, while sets C and D were a little less. Thereafter, however, 
the transpiration rates per unit area increased with the wind, reaching a 
maximum for the highest velocities during the last two weeks of the series 
of from 35 to 50 per cent, more than the control. 
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The daily march of transpiration near the end of the series is repre* 
sented by the data from series II given in table VII and shown graphically 
in figure 7. The transpiration rate at aU times of day increased with wind 
velocity, but the influence is relatively greater at night than during the 
day. For example, set D (15 m.p.h. wind) at night used water from four 
to five times as rapidly as the control, while during the day only about 1.4 
times. Measurements of stomatal openings during such series showed that 
for the greater part of the first two weeks the stomata were kept partially 
closed by the two highest winds, but thereafter wind had no noticeable effect 
on their diurnal cycle. 

The final plant measurements from all four series are given in table VIII 
and are shown graphically in figure 8. In all series, leaf area, stem height 
and diameter, dry weight, and total transpiration (with one exception) 
decreased with increasing wind velocity. Inversely, the water requirement 
increased, the maximum increment observed being about 50 per cent, in the 
case of the 15 m.p.h. wind in series IV. The total transpiration and water 
requirement for series II could not be obtained on account of an unexpected 
rain that permitted unknown amounts of water to enter the cans. 

All series were qualitatively alike in that wind always caused a reduc- 
tion in growth, although quantitatively there were differences, the greatest 
being that the effect of wind in the fall seemed to be a little greater than in 
the spring. In the fall, the 15 m.p.h. wind caused a reduction in dry weight 
to about one third that of the control, but in the spring to only about one half. 
Some of the observed differences are doubtless due to statistical fluctuations 
caused by individual differences, but some are probably caused by diversity in 

TABLE IX 

Wkeklt averages or air temperature (T) im degrees Fahrenheit, and relative humidity 
(BH) IN percentage tor the four series 


iSeries I 

i Series II 

1 ^ 

Series III 

Series IV 

Week 

ENDING 

T 

RH I 

j Week 

I ENDING 

T 

BH 

Week 

ENDING 

T 

RH 

Week 

ENDING 

T 

BH 


^F, 

% 1 



% 


^F, 

% 


^F, 

% 

10/9/33 

62 

83 

3/19/34 

57 

87 

10/1/34 

69 

44 

3/4/35 

51 

78 

10/10 

60 j 

68 

3/26 

58 

86 

10/8 

62 

83 

3/11 

48 

76 

10/23 

64 

53 

4/2 

64 

68 

10/15 

61 

83 

3/18 

55 

75 

10/30 

57 

91 

4/9 

59 

89 

10/22 

58 

89 

3/25 

48 

74 

11/6 

60 1 

70 

4/16 

57 

85 

10/29 

60 

78 

4/1 

53 

89 

11/13 

61 1 

52 

4/23 

58 

84 




4/8 

56 

88 

11/20 

57 

77 

4/30 

65 

71 




4/15 

54 

86 




5/7 

64 

69 




4/22 

57 ! 

87 










4/29 

59 1 

80 
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other environmental factors, thus altering the effect of wind. Weekly aver- 
ages of air temperature and relative humidity during the four series are 
given in table IX. 

The response of an average plant from each of the four sets in series III, 
arranged in order of increasing wind velocity, is shown by figure 9. Winds 
of 10 and 15 m.p.h. caused the well known gnarled and stunted appearance 
that is characteristic of trees growing in windy habitats. The leaves were 
rougher, fewer, more wrinkled, and somewhat less fully expanded than 
those of the control. The number of stomata per unit area rose with in- 
creasing wind velocity and the corresponding failure of the leaf to expand, 
a count for series IV yielding 188, 199, 260, and 304 per square millimeter 
for sets A, B, C, and D respectively. Microscopic sections of the leaves. 



Fig. 9. Typical plants from the four sets in series ITI. Sets A, B, C, and D, with 
wind velocities of about 0, 5, 10, and 15 miles per hour respectively, are represented in order 
from left to right. 

however, failed to show any material differences in the mesophyll, owing 
evidently to compensation by change of size. The stems, on the other 
hand, showed considerable divergence, particularly in the xylem elements. 
Camera lucida drawings of quadrants of the four stems, with only the 
xylem and bast strands outlined, are shown in figure 10. Stems of plants 
grown under the 15 m.p.h. wind (set D) showed 22 members of the first 
rank of bundles and only 6 of the second, while those of the control (set A) 
exhibited 22 of the first, 22 of the second, and 7 of the third. The inter- 
mediate sets fell between these two extremes. Although the number of 
members of the first rank of bundles was the same for both sets A and D, 
the number of vessels in each bundle was quite different. Each first rank 
bundle of A was made up of about 50 vessels while those of the same rank 
in D had only 30. Similarly, the area occupied by the xylem was consider- 
ably larger in A than in D, the former being 3.87 mm.^, the latter 1.20. The 
cross-section area of the stems A and D were 113.0 and 36.6 mm.**, respec- 
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Fig. 10. Camera lucida drawings of quadrants of stems from typical plants fram 
each of the four sets in series IV, with only the xylem and bast strands outlined. 

lively; hence the proportion of the total stem area occupied by the xylem 
was practically the same in both cases, being 3.4 per cent, in the former and 
3.3 in the latter. 


Summary 
Part I 

Effect of wind on transpiration; short time series 

1. The effect of wind on the transpiration rate of Helianthus annuus de- 
pends on the velocity. With velocities up to about 2 m.p.h., the transpiration 
rate increases at the onset of wind about 20 to 30 per cent, and maintains this 
value as long as the wind acts. For velocities above this, however, there is 
usually a rather high relative increase for the first few minutes after the wind 
is turned on, followed by a fall, which in turn is followed by a gradual in- 
crease. The initial increase in the rate of water loss rises with increasing 
velocity, reaching 138 per cent, in the case of the 16 m.p.h. wind. This causes 
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slight wilting of tho leaves and closure of the stomata with consequent reduc- 
tion in the transpiration rate. The leaves usually recover their turgidity 
within half an hour or so after the stomata close, and the transpiration rate 
rises slightly. 

2. The average increase of the transpiration rate over a period of 2 to 4 
hours rises very rapidly with velocity up to about 2 or 3 m.p.h., but the 
curve flattens out in this range and mounts only gradually thereafter. Wind 
of 1 m.p.h. causes a rise of about 30 per cent., while one of 16 m.p.h. induces 
about 50 per cent. 

3. Wind apparently has the same relative effect at night as during the 
day, causing approximately the same percentage increase in the transpira- 
tion rate in both cases. 

4. Evidence is presented which indicates that the closure of stomata by 
wind is partly mechanical and partly due to lowering the sap content of the 
leaves. Winds above 5 m.p.h. practically always induce closure of the 
stomata and below 2 m.p.h. almost never, while between 2 and 5 m.p.h., only 
part of the time. 

5. The data also indicate that stomata may close to about one fifth of their 
maximum opening without affecting the transpiration rate markedly. 

Part II 

Effect op wind on growth and transpiration ; long time series 

1. Plants of Helianthus annmis have been grown under continuous winds 
of about 5, 10, and 15 m.p.h. from the first leaf stage to about 6 to 8 weeks 
of age, using large automobile fans driven by electric motors. Pour series 
were made, two in the spring, two in the fall. 

2. For the first week the transpiration rates of all three test sets were 
practically the same as that of the control, but thereafter the rate began 
to increase with increasing wind velocity so that by the end of the series 
the three test sets were using water at rates about 20, 35, and 50 per cent, 
higher per unit area of leaf surface than the control. 

3. In all series, leaf area, stem height and diameter, dry weight, and 
total transpiration decreased with increasing wind velocity. The water 
requirement increased, the maximum increment observed being about 50 
per cent, in the case of the 15 m.p.h. wind in series IV. 

4. The depressing effect of wind on growth appears to be somewhat 
greater in the fall than in the spring. In the former cases, wind of about 
15 m.p.h. caused a reduction in dry weight to about one third that of the con- 
trol, but in the spring to only approximately one half. 

5. In these series, the effect of wind on the transpiration rate is rela- 
tively considerably greater during the night than during the day. During 
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the day, the plants under the 15 m.p.h. wind transpired about 1.5 times 
as rapidly per unit area as the control plants, while during the night they 
transpired from 4 to 5 times as rapidly. However, the actual increase in 
grams of water is much less during the night. 

6. Microscopic sections of the leaves of plants from the various sets 
failed to show any material differences in the mesophyll, due evidently to 
compensation by change of size. The stems, however, showed considerable 
difference, especially in the xylem elements. Stems of plants grown under 
the 15 m.p.h. wind showed 22 members of the first rank of bundles and 
only 6 of the second, while those of the control set exhibited 22 of the 
first, 22 of the second, and 7 of the third. Similarly, the area occupied 
by the xylem elements decreased with increasing wind velocity. However, 
the total cross-section area of the stems decreased in the same ratio so that 
the proportion of the total stem area occupied by the xylem showed no 
significant difference. 

7. The plants grown under the higher wind velocities showed the 
gnarled and twisted appearance characteristic of trees growing in windy 
liabitats. 

8. Wind is to be regarded as a factor, though not the paramount one, 
in the dwarfing characteristic of the alpine tundra and in the reduced and 
procumbent forms of coastal dunes, as exemplified in the experimental 
areas on Pike’s Peak and the dune gardens at Santa Barbara. 

Caenkoie Institution of Washington 
Santa Babbara, California 
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FURTHER STUDIES OF ELONGATION AND EXPANSION IN 
HELIANTHU8 PHYTOMETERS 

Fkedkbic E. Clements and Feances L. Long 
(with nine figures) 

Introduction 

The investigation of the factors and functions involved in elongation 
and expansion under reduced light intensity has been continued with the 
special purpose of relating these to structural modifications as well as to 
growth forms. The ultimate objectives in these studies are to measure in 
terms of adaptation the climates and edaphic habitats characteristic of the 
various transplant gardens and to permit interpreting the functional re- 
sponses of natives not susceptible of phsdometer treatment. At the same 
time, opportunity was taken to increase the number of light values to six, 
in order to simulate the whole range of natural habitats, as well as the 
control conditions in the lath-houses. In addition, an inquiiy was made 
into the effect of size of container, and a battery of free phytometers was 
installed in the soil under each light intensity in order to integrate all the 
direct factors of the six eces. 


Methods 

The several light values were secured by means of lath-huts 6 ft. high 
and 8x12 in section. These were constructed of standard plaster lath 
1^ X I inches in section, which were so spaced as to produce approximately 
the five intensities desired. The relative spacing and light values were as 
follows: (1) spacing 4| in., intensity 65 per cent, of full sunshine; (2) 
spacing If in., intensity 44 per cent. ; (3) f in. apart, 27 per cent. ; (4) | in. 
apart, 19 per cent.; (5) fs in. apart, 11 per cent. These values were ap- 
proximately the same as in the large lath-houses used for producing adap- 
tations, but the lowest of these had a rating of but 6 per cent., thus yielding 
six conditions beside full sunshine. Each hut was provided with a door of 
the same construction and after serious experience with on-shore winds, 
was firmly anchored at the four corners. Provision was also made for 
raising the huts several feet to accommodate height growtJi in the higher 
intensities. To facilitate weighing the exceptionally large number of phy- 
tometers, a hut 12 ft. tall and 6 ft. in cross section was built nearby and 
this served also for photographic purposes. 

A stopwatch photometer was employed to measure intensities, and read- 
ings were taken hourly in the sun and in each hut for representative days 
during the growing season. For the exposure, the photometer was carried 
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through a wide circle with a uniform motion in order to integrate as accu- 
rately as possible the alternating bands of sun and shade. While this pro- 
cedure does not insure exact results, it is the best so far devised for lath- 
house conditions. The many exposures were then evaluated by the usual 
standard and graphs were made for the intensity through the day for the 
various habitats, using time of day for the abscissa and percentage of light 
as the ordinate. By using a planimeter to integrate under the curves, the 
the respective values were obtained in terms of full sunlight as 100 per cent. 
Prom the averages of these were obtained the final values for each hut, 
these being the mean of the total radiation for the day. 

Four sizes of containers were employed, the largest being garbage cans 
25 in. high and 17 in. in diameter ; the others were respectively 11 x 8i in., 
10 X 8 in., and 7x6 in. These three were of the more recent type with 
conical lids and apertures 2 in. across to accommodate stem and watering 
tube. The cans were sealed with a mulch of fine dry sand and above this 
the opening was closed by a band of non-absorbent cotton wrapped about 
the plant stem. As a special provision against sudden rainstorms, rubber 
aprons were cut from old inner tubes in the form of circles 12 cm. in 
diameter, with a hole 1 cm. wide in the middle and a slit running to the 
margin. When the apron was placed around the stem, the edges of the 
slit were overlapped and held in place by paper-clips at the outer and 
inner margins. Contact between rubber and stem was prevented by a thin 
band of absorbent cotton. The conical shape of the apron led away the 
rain that might drip down the stem and at the same time prevented injury 
to the latter, in addition to promoting aeration in some measure. When 
rains promised to be heavy, canvas covers were placed above the batteries 
as an additional safeguard. 

The soil employed was a good loam of the same quality as in previous 
experiments and similar technique was used in filling the containers uni- 
formly, as well as in planting the seeds and caring for the seedlings (3). 
The four holards were set respectively at 35, 26, 18, and 14 per cent, of the 
dry weight of the soil, and six containers of each value were assigned to 
each of the six light intensities. Five seeds were planted in each container 
and allowed to germinate, but when the plumules were well developed, one 
seedling closest to the measured average for the series was selected and the 
others carefully removed. No further selection was made in organizing 
the batteries for the various conditions, the cans merely being grouped in 
accordance with the numerical sequence. All sets were kept in the green- 
house until the seedlings were well established ; this period was two weeks 
for the fall and three weeks for the spring series. As a consequence, some 
slight differentiation due to holard was apparent at the time the batteries 
were distributed to the six light intensities. 
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At the outset, the phytometers were we^hed at weekly intervals; but 
as they grew larger, weighing necessarily became more frequent, first daily 
and finally three times a day. The amount of water lost was replaced after 
each weighing in order to maintain the holard as nearly uniform as possible. 
For this purpose, a 500-cc. burette was employed, the water being delivered 
to the plant through a tube reaching into the lower part of the container. 
To avoid any possibility of harmful accumulation of salts from the hard 
water of the locality, rain water was utilized throughout the series. 
Measurements of stem height and diameter and of leaf dimensions were 
taken on the same day and in the same order each week, thus yielding a 
cumulative record of growth for the entire period. In spite of the fact 
that the 14 per cent, holard was but 2 to 3 per cent, above the echard for the 
soil and that the 35 per cent, was practically at the limit for adequate 
aeration, frequent watering and rate of loss so nearly balanced each other 
that the tendency toward wilting or an aeration deficit was rarely in evi- 
dence. The generally uniform distribution of the water in the soil is re- 
flected in the root systems, which were well distributed and not compacted 
about the inner surface of the can (fig. 1). 

Function and growth responses 

Two seasonal installations were employed in this investigation. The 
fall-winter series was planted October 16, the phytometers distributed to 
the lath-huts October 30, and the experiment terminated February 11, 1935. 
The spring series was begun February 28 ; all cotyledons were expanded by 
March 8, at which time the various holards were standardized. These 
batteries were placed in the several situations on March 21 and the final 
results were secured on June 4. The period of growth for the first series 
was 119 ; for the second, 97 days. In both cases the plan had been to follow 
the course of development to flowering and fruiting, but a heavy gale 
flattened the lath-huts and abruptly terminated the fall series, destroying 
the leaves but injuring the heads only slightly. "While the spring series 
suffered no such mishap, the weather conditions of a marine climate and the 
behavior of such a warm-temperate species as the sunflower precluded main- 
taining the series until all heads were mature. 

The interval between the time of flowering in the sun and in the lowest 
light intensity was so long that plants in the higher light values lost one- 
third or more of their leaves. Thus, the average number of leaves pro- 
duced in the sun and 35 per cent, holard was 37.7 per plant, while by the 
end an average of but 27 leaves remained, the lower 10 having dried and 
disintegrated. In 44 per cent, light, the average loss was less, viz., 7 out of 
39 ; in 19 per cent. 3 in 27 ; and in 11 per cent. 1 out of 22. This inevitably 
led to a cumulative discrepancy in the photosynthesis and transpiration of 



640 


PLANT PHYSIOLOGY 



Pro. 1. Series of roots through the four holards and six light conditions. 


TABLE I 

Average of keasobehents on June 4 for the large phitoheters 
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the several light batteries, and necessitated closing the experiment before 
the buds opened in the weaker light intensities. In spite of its many ad- 
vantages, which are distinctly greater than those of any other species so far 
utilized for standard ph 3 rtometer 8 , Helianthus annuus possesses the two 
defects of blocking off the lower leaves and of growing slowly in cold 
seasons such as that of 1934-1935 at Santa Barbara, as also in the climate 
of the alpine tundra on Pike’s Peak. 

The results for transpiration and water requirement, as well as for 
growth in terms of stem, leaf, and dry weight, were in close accord for the 
two series. The agreement between these and the five series discussed in 
the previous paper was likewise striking. Since in the present experiment 
there were six light intensities instead of four, the detailed results are given 
for light : holard in table I and these are summarized in the next paragraph. 
The weights were also determined separately for stem, leaves, roots, and 
heads, as shown in table II. In addition, a comparison is made between 
the results obtained from the four sizes of containers, not merely in connec- 
tion with the two series, but also to throw light upon the phytometer 
method itself. 

Under each light intensity, stem height was greatest in 35 per cent, 
holard and decreased consistently with the reduction to 14 per cent., with 
a single exception, the maximum of 200 cm. falling at 19 per cent, light and 
35 per cent, water content (fig. 2). The greatest average height for the 
four holards occurred in 27 per cent, light, but 44 and 19 per cent, yielded 
values only a little less, while the shortest stems were found in sun at 115.2 
cm. and 11 per cent, light at 114.7 cm. The diameter of the stem fell off 
steadily from 35 to 14 per cent, holard in every battery, ranging from the 
maximum of 2.3 cm. in the sun to 1.13 cm. in 11 per cent, light intensity. 
The average for each light value decreased from 1.79 cm. in the sun to 0.91 
cm. in the deepest shade, that for 65 per cent, light being in disagreement 
here as in some other places, owing to leakage in a few containers during 
a heavy rain. 

The total leaf area per plant diminished from 35 to 14 per cent, with 
great regularity, the one exception occurring at 65 per cent, light and 26 
per cent, holard. However, the maximum was at 27/35 per cent, with a 
value of 9645.3 sq. cm. and the minimum of 792.9 at 11/14 per cent., a ratio 
of approximately 1 : 12. The highest average was found in 27 per cent, 
light, followed closely by 44 per cent.; the average area in the sun was three 
times greater than that for the lowest light intensity. The total number 
of leaves produced dropped regularly with the holard for the first four 
light intensities, but was almost constant for the two lower values, the range 
being from 39 to 21. The average number for each battery fell from 33 in 
the sun to 22 at 11 per cent. The number of leaves present at the close 
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was greatest in the intermediate light values, namely, 29 at 27 per cent, and 
27 at 44 per cent., and least in 11 per cent. However, the highest average 
loss of leaves was 8 in the sun, falling to 7, 5, 2.5, and 2 at 11 per cent. 

With respect to total transpiration per plant, the descending order was 
entirely consistent with the reduction in holard. In the first three light 



Pig. 2. Representative phytometer sets from each light habitat, arranged according 
to holards 14, 18, 26, and 35 per cent. 


values the loss in 35 per cent, holard was nearly four times as great as in 
14 per cent., and in 11 per cent, light, five times as much. The average loss 
for each light battery was in accord with diminished intensity, except for 
65 per cent., as just explained. The loss in grams per sq. cm. decreased 
with the holard with fair regularity, while it agreed with the light intensity. 
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with the exception of 65 per cent, again. As a rule the water requirement 
was highest in the holard of 35 per cent., with two slight exceptions for 
26 per cent., and uniformly lowest in 14 per cent. The average water re- 
quirement rose consistently with reduced light from 135.3 cc./gm. for sun 
to 320.3 cc./gm. for the lowest light value, apart from the same figure for 
65 and 44 per cent. 



Fig. 3. Ck>mparativ6 diagram of flower heads; disk cross-hatched, rays plain, buds clear. 


Wet weight of plant exhibited a complete correspondence with holard, 
falling off with much uniformity from 35 to 14 per cent., while the dry 
weight was equally consistent. This was likewise true for the averages, the 
respective values for the six light intensities from sun being 85.4, 72.2, 63.1, 
48.8, 17.5, and 5.3 gm. When the organs of the plant were weighed sepa- 
rately, the wet weight of the stem decreased consistently, as did that of 
leaves and roots with but one or two slight discrepancies. The dry weights 
of all three gave similarly accordant results, the maximum of 83.8 gm. for 
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the stem falling in 100/35 per cent, and the minimum, 1.3 gm., in 11/14 
per cent., the averages for the light extremes being 52.5 and 2.7 gm. The 
maximum for the leaves was 29.1 and the minimum 1.1 gm., with the aver- 
age for the sun 20.4 gm. and for 11 per cent, light, 2 gm. The highest value 
for roots fell at 35 per cent, holard in sun, namely, 34.7 gm., while the 
lowest, 0.3 gm., was found at 11/14 per cent. The average weight was 16.5 
gm. for all holards in the sun, dropping to 11.4, 9, 5.8, 1.4, and 0.46 gm. in 
the descending sequence of light intensities. The roots of plants in sun and 
65 per cent, light formed very compact masses, but there was a distinct 
reduction in the number and length of the branches in 44 per cent. This 
response was much more marked in 27 per cent. ; in 19 per cent, the rootlets 
were reduced to a tuft at the base of the tap root and in 11 per cent, they 
had all but disappeared (fig. 1 ) . In all cases but in the sun, the weight of the 
flower heads was greatest in 18 per cent, holard, with 14 per cent, second ; 
while the averages for the five lath-huts fell from 7.3 gm. for 65 per cent, 
through 5.4, 0.69, 0.24, to 0.018 for the lowest light value. However, owing 
to the vicissitudes mentioned earlier, these figures are largely provisional 
(fig. 8). 

The course of growth in stem height and leaf area, in other vrords the 
march of elongation and expansion, is shown graphically in figures 4 and 5 
for the spring series which ended June 4. Since there were 24 variables 
involved, only a few of the curves could be shown and hence those for 
holards of 14 and 26 per cent, and light of 11, 44, and 100 per cent, were 
selected as representative of the entire series. The curve for stem height 
shows that little differentiation took place during the first two weeks, but 
by the end of the third week the plants in 44 per cent, light and 26 per cent, 
holard were one-fourth taller than the others and held this lead to the close 
of the experiment. At the two extremes of sun and 11 per cent, light the 
plants did not begin to diverge until the fifth week, when stems in the sun 
drew away from those in the shade. Leaves likewise exhibited little differ- 
entiation during the first two weeks, but a week later the plants with higher 
holard and light had acquired about twice the leaf area of the others. 
Expansion continued at much the same rate until the sixth week, when it 
became definitely greater for the 44 per cent, light. The lowest holard 
counterbalanced higher light values and the individuals in sun and 44 per 
cent, light did not diverge until the ninth week. 

The influence of size of container w^as made the subject of a special 
inquiry, which took account of free phytometers as well as the four types 
of can indicated earlier. The standard container when complete weighed 
15 kg., the intermediate 12 kg., and the smallest 4.5 kg., while the garbage 
cans reached a total of 110 kg. when filled. The latter were employed as 
controls, chiefly for the batteries of free phytometers which could not be 
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AVERAGE LEAF AREA PER PLAKT -DM. ^ r AVELEAFAREA PER PLANT- DM.^ JUNE 4.1935 
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weighed, and were but six in number, all placed in the sun. The three 
sizes of containers amounted to 348 in number, of which 148 belonged to 
the large phytometer, there being 24 in each light intensity and 6 in each 
holard. A measured amount of water was given each day, after they had 
attained a certain size, to the free phytometers in the soil under the six light 
conditions, and the garbage cans were treated in the same manner. This 
amounted to giving both sets practically all the water they could use ; this 
fact probably has some bearing upon their slower growth at first when 
aeration may well have been a factor, as well as upon their inuch more 
rapid growth later. 

As a consequence, no strict comparison can be made between the growth 
of these plants and those in the standard containers. They do confirm the 
experience derived from many phytometer series through two decades to 
the effect that number and size of container must always be balanced 
against each other. With 24 sets of conditions, as in the 9 series that have 
dealt with elongation and expansion, phytometers of 15 kilos, constitute the 
practicable maximum for a number of 200 or more that will require weigh- 
ing two to three times daily before the experiment is completed. On the 
other hand, such a capacity sets a definite limit to growth in the better con- 
ditions of light and holard, and phytometers of this size have a dependable 
life period of but two to three months. By contrast, the garbage-can type 
of the larger sizes permits carrying such large plants as sunflower and corn 
through to maturity, but as phytometers to measure a considerable range 
of conditions, especially in nature, they demand a staff and equipment all 
but impossible to realize. 

A comparison of the growth in the three sizes of phytometer cans at the 
end of the first three weeks gave a stem height respectively 35 and 40 per 
(*ent. greater in the medium and large containers than in the small ones. 
Likewise, the stem diameter was 21 and 35 per cent, and the number of 
leaves 40 and 50 per cent, greater, while the leaf area was 133 per cent, 
more for the medium cans and 52 per cent, more for the large ones. The 
small phytometers were dismantled at this time as they were evidently 
reaching the limit of container capacity, and the medium ones were discon- 
tinued on May 1 for the same reason. At this time the individuals of the 
large set were 11 per cent, taller and of the free series 9 per cent, shorter 
than those in the medium containers and the garbage cans, but in contrast 
the diameter of the stem was 19 and 14 per cent, more in the large and 
garbage cans than for the medium and free phytometers. The average 
number of leaves was 21 for the three sets, but only 14.6 for the free phy- 
tometers, in which the leaf area was 24 per cent, less than for the medium 
cans, while it was 2-4 per cent, greater in the other two. From this time 
the plants in the garbage cans began to forge ahead and the free phytom- 
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eters to grow more rapidly than those in the large cans. At the end of the 
experiment on June 4, the relative values were as follows for the large, 
free, and garbage-can phytometers : stem height 100, 116, 136 ; stem diam- 
eter 100, 131, 167 ; number of leaves 100, 128, 149 ; leaf area 100, 237, 429. 

The remaining three sets were taken off to permit determining wet and 
dry weights at the end of 12 weeks, with the results shown in table III. 


TABLE III 

Wet and dry weights or the three final sets 





Percentage light 



100 

1 

44 

1 27 

19 

1 


Wet weight 


gm. 

gn. 

gm. 

gm. 

gm. 

gm. 

Large cans .. . 

627.1 

507.3 

577.6 

499.5 

295.0 

96.3 

Free phytometera 

1394.9 

1265.5 

1239.6 

323.4 

142.6 

29.6 

Garbage cans 

2340.8 







Dry weight 

Largo cans 

127.7 

105.4 

105.5 , 

61.8 

24.9 

7.5 

Free phytometers 

204.8 

168.7 

127.9 

43.7 

13.8 

2.0 

Garbage cans 

I 438.3 







For both wet and dry weights, the values for the garbage-can controls 
were approximately twice as high as for the free phytometers, and for 
these about twice as great as for the large phytometers, in the case of sun 
conditions. Both of the latter fall off consistently in weight with decreas- 
ing light intensity, and most rapidly in the lower intensities. The large cans 
begin to exceed the free plants at 27 per cent, light and both wet and dry 
weights are more than three times greater in 11 per cent. The cause of this 
reversal in behavior requires further investigation, as does also the striking 
difference in the three sets in the sun. This bespeaks better conditions in 
the larger soil masses, partly to be explained by the generous watering, and 
the drop in the free phytometers is most plausibly explained by the effect 
of this upon air content in the three lower light values. 

Structural modifications 

In addition to the striking responses in growth and form of stem, leaf, 
and roots, corresponding or compensating adaptations occurred in the inti- 
mate structure of these organs. These were especially exhibited by the 
stomata, as seen in tables IV and V. 

The epidermis was stripped from the leaf and immediately placed in 
absolute alcohol in accordance with the usual technique, a median leaf being 
selected in each of the 24 sets. The strips were taken from the proximate 
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TABLE IV 

Number or stomata per sq. mm. in upper and lower epidermis throughout the light 

AND HOLARD series 


Light 

Holard 

35 PEE CENT. 

Holard 

26 PER CENT. 

Holard 

18 PER cent. 

Holard 

14 PER cent. 

Average 

NUMBER 


Lower 

Upper 

Lower 

Upper 



Lower 

Upper 



% 

100 

’ 315 

1 

288 

1 

1 

' 341 

280 j 

258 

; 240 

248 

! 240 

290.8 

262.1 

65 

' 293 

' 286 

221 

221* ' 

228 

i 218 

203 

' 195 

236.2 

230.1 

44 

165 

; 174 

180 

184 

195 

' 190 

180 

190 

180.1 : 

165.9 

27 

; ^20 

1 129 

145 

146 

142 

147 

135 

140 

135.5 

140.5 

19 

, 105 

, 120 

116 

125 

165 

165 

131 

135 

129.4 

136.4 

11 

: 90 

116 

90 

117 

95 

1 

123 

138 

99.6 

120.8 


' — 

— ' 

— 

— 

— 

I 

— 

; 

— 

— 

Ave. 

' 182 

186 

182 

179 

181 

180 

170 

173 

1 

178.6 

179.3 


center of the leaf, about halfway from the base to tip and from midrib to 
margin. The major correlation in number of stomata is with light in- 
tensity, the decrease from 100 to 11 per cent, being all but entirely consis- 
tent for both lower and upper surfaces in each holard and perfectly so for 
the averages of each light value (fig. 6). These range from 291 in 100 per 
cent, to 99 in 11 per cent, for the lower epidermis and 262 and 120 for the 
upper. The averages for the four holards are not significant except in the 
14 per cent., since averaging obscures the most novel point in the behavior 
as to number. This is the fact that stomata are most numerous in the 
lower epidermis for 100 and 65 per cent., but tend to become slightly more 
abundant in the upper for the next two intensities and definitely so in the two 


TABLE V 

Size of stomata in microns for the lower epidermis of plants throughout 

TUE SERIES 


Light 

Holard 

35 PER CENT. 

Holard 

26 PER CENT. 

Holard 

18 PER CENT. 

Holard 

14 PEE CENT. 

Average 

SIZE 

% 




K 


100 

34.4x24.1 

20.1x24.8 

31.8x23.7 

28.3x21.2 ; 

28.7x23.5 

65 

24.7x24.1 

32.9 X 23.4 

23.8x21.2 

28.3 X 21.2 I 

27.4x22.5 

44 

31.8x21.2 

34.3x22.3 

28.3x21.2 

26.6x21.2 : 

30.6x21.5 

27 

33.3x26.6 

33.6x21.2 

30.4 X 23.4 

28.3 X 21.2 ! 

31.4x23.1 

19 

33.6 X 24.8 

31.8x24,8 

31.2x21.6 

30JLX21.2 1 

31.7x23.1 

11 

34.0 X 24.4 

31.8 X 24.8 

29.4x23.0 

28.3x21.2 1 

30.9x23.4 

Ave. 

32.0x24.2 

31.6x23.6 

29.1x23.0 

28.3 X 21.2 

30.0x22.8 
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Fig. 6. Modification of stouiatal number in the six light intensities. 
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lower values. While the numbers generally follow the relative expansion of 
the leaf, the change in preponderance from lower to upper surface makes it 
clear that the number of stomatal initials varies under the several condi- 
tions, not merely between surfaces but also between leaves and to a con- 
siderable extent independent of the degree of expansion. 

Modification in size bears no evident relation to light intensity in any 
particular holard, but the average size for the three higher intensities is 
distinctly less than for the three lower ones. The chief difference, how- 
ever, is to be found in the averages for the respective holards, the largest 
size occurring in 35 per cent, and this diminishing regularly to 14 per cent. 

Quantitative changes in the mesophyll are refiected in the thickness of 
leaf, while the qualitative ones naturally affect the mesophyll, either as 
direct responses to light and water or indirectly in relation to stomata and 
air passages. As may be seen in table VI, the thickness of the leaf was 


TABLE VI 

Thickness of leaf, palisade and sponge tissues 


Factor 



GRADIENTS 

Leaf 

Palisade 

Sponge 

Light 

Holard 




% 

% 

ii 



Large cans 





100 

35 

267 

153 

114 


14 

192 

111 

81 

65 

35 

248 

142 

106 


14 

177 

106 

71 

11 

35 

142 

96 

46 


14 

142 

78 

64 

1 

Free phytometers 




100 

35 

238 

i 131 

i 107 

65 

35 

230 

1 126 

i 104 

44 

35 

202 

! 128 

74 

27 

35 

156 

{ 92 

1 64 

19 

35 

149 

i 78 

71 

11 

35 

149 

1 89 

I 60 

Garbage cans 



1 


100 

35 

258 

1 135 

1 

124 


greatest for the large cans in sun and 35 per cent, holard, followed in order 
by garbage cans, large can in 65/35 per cent., and free phytometers in sun 
and 35 per cent. The general agreement between the large and free phy- 
tometers was close, the two falling off consistently and in much the same 
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degree from a maximum in sun to a minimum in 11 per cent, light. For 
the large plants, 35 per cent, holard produced a leaf one-third thicker than 
14 per cent., except for the lowest light intensity, where the values were 
the same. In this set the values for palisade and for sponge decreased 



Pig. 7, Structure of iiiesophyll in extremes of light and holard: a, garbage-can bat- 


tery; b, c, 65 per cent, light, 35 and 14 per cent, holard; d, e, 34 per cent, light, 36 and 


14 x>er cent, holard. x 150. 


regularly with reduced light, except for 11 per cent., and with this same 
discrepancy, each tissue was thicker in 35 per cent, than in 14 per cent., in 
accord with the behavior of the leaf itself. The free phytometers were 
somewhat less harmonious, but there was general reduction from sun to 
11 per cent, light. 
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The mesophyll likewise exhibited structural modifications in close cor- 
relation with the factor dosage, as illustrated in figure 7. With the cross 
section of a median leaf from a garbage-can phytometer as the standard, 
a large-phjdometer leaf from 65/35 jier cent, agrees in having two full rows 
of palisade cells and essentially the same type of sponge tissue. However, 



system ; 26 per cent, holard. 

leaves in the same light intensity but in 14 per cent, holard had reduced 
the inner palisade cells to about half the length and the sponge also in some 
measure. In 11/35 per cent., the inner row of palisade had completely dis- 
appeared and the sponge tissue was much looser in texture, while 14 per 
cent, holard in the same light produceed a shorter outer row of palisade, 
with the inner reduced to globoid cells. 

Gross sections of representative portions of the midrib were employed 
for comparison of the modification of the conductive-supportive tissues. 
These differences are best appreciated in the graphic form (fig. 8), but 
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an effort has been made to express them in quantities also, as shown in 
table VII. 


TABLE VII 

Modification of the fibbovascular system ttr midrib ; 26 per cent, holard 



Number of strands 


Total area in cross section 


Light 

Pri- 

mary 

Sec- 

ondary 

Terti- 

ary 

Mid- 

rib 

Strands 

I Primary 

1 Sec- 
1 ondary 

Terti- 

ary 

% 




sq. cm. 

sq, cm. 

\ aq. cm. 

f(q, cm. 

sq, cm. 

100 

1 

4 

6 

0.268 

0.036 

! 0.022 

0.011 

0.0021 

65 

1 

3 

11 

0.218 

0.023 

© 

o 

0.004 

0.0055 

44 

1 

2 

13 

0.147 

0.022 

0.014 , 

0.003 

0.0054 

27 

1 

2 

6 

0.074 

o.on 

0.007 

0.002 

0.0023 

19 

1 

1 

6 

0.039 

0.005 

1 0.002 

0.001 

0.0012 

11 

1 

0 

4 

0.008 

1 

0.0006 

i 0.0005 

1 

1 

0.000 

0.0001 


The primary bundle of the midrib naturally jiersists throuj^hout the 
several conditions, but the secondary strands reflect decreasing light inten- 
sity with much accuracy, while the tertiary ones are less consistent, owing 
in part to the splitting of secondary strands. The adaptation of the fibro- 
vascular system to lessened need for conduction and support with decreas- 
ing light intensity is much more evident in the values for cross section 
areas. For the midrib itself, the area in sun is 30 times greater than in 
11 per cent, light, the intermediate figures being entirely consistent. The 
reduction in the vascular system is twice as great, the total area of the 
strands being 60 times as much in the sun as in the lowest light intensity, 
while the sequence of decrease is essentially consistent for total strands, as 
well as for primary and secondary ones. 

The reduction of the number of strands is less consistent for the stem 
than for the midrib, but the decrease in areas is of the same character, fol- 

TABLE VIII 

Modification of fibbovascular system of stem ; 26 per cent, holard 


Light 

Number of strands 

Total area in cross section 

Primary 

Secondary 

Stem 

Strands 

% : 



sq, cm. 

Jtq. cm. 

100 1 

12 

8 

0.95 

0.198 

65 

10 

6 

1.18 

0.200 

44 

10 

6 

0.88 

0.117 

27 1 

11 ^ 

9 

0.43 

0.062 

19 

6 

6 

0.27 

0.018 

11 1 

i 

8 

6 j 

0.1 

0.011 
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lowing the light intensity closely, with the exception of a small discrepancy 
in 65 per cent. (fig. 9). Moreover, while the stem area at 11 per cent, is 
seven times smaller than for the sun, that of the strands is 18 times less, 
or more than twice as much. In general the stem appears to be somewhat 
more plastic than the midrib, and this assumption is supported by the fact 
that under the pressure of continuous wind of varying velocities, bundles 



Fig, 9. Diagram of stem quadrants in cross section showing modification of flbro 
vascular system. 
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increase in number relatively more rapidly than in size and the bast strands 
receive special emphasis. 


Summary 

1. The conclusions reached heretofore as to the functional and growth re- 
sponses of Helianthus annuus to combinations of light and holard and the 
relative roles of the two are fully borne out in two new series with two 
additional lath-hut intensities, and supported by the behavior of free phy- 
tometers in the same light intensities. 

2. The much better growth in the garbage-can and the free phytometers 
is confined to the higher light intensities, and the large phytometers repre- 
sent the best compromise for sunflower batteries under the conditions that 
obtained. Comparison of the data appears to leave no doubt that within 
the range of holard employed, namely, 1 to 2 per cent, above the echard for 
the soil and up to the point where a tendency toward deficient aeration 
appears, the phytometers not only utilize water in close correlation with 
the amount present, but this is also reflected with much accuracy in func- 
tion and growth. 

3. The four plant organs behave essentially as does the entire plant in 
their response to the 24 different combinations of light and holard. 

4. The basic correlation between factor, function, growth as an inte- 
grator, and form as the final adaptation, is regularly a close one in the case 
of Helianthus annuus. It appears not only to justify fully the use of 
standard and free phytometers in measuring in plant terms the varied 
transplant eces at the Alpine Laboratory and adaptation sequences at Santa 
Barbara, but also to forecast the responses in function and form of the 
several hundred species now in process of adaptation. 

Carnegie Institution 

Santa Barbara, California 
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OSMOTIC PRESSURE AND WATER CONTENT OF 
PRAIRIE PLANTS^ 

Laueenoe a. Stoddaet 
(with five figures) 

Introduction 

Many conflicting ideas have been expressed concerning osmotic pressure 
in plant cells. The purposes of this investigation were to determine the 
range of osmotic pressure in prairie plants and to ascertain, if possible, any 
correlation between osmotic pressure and certain ecological factors. 

Since the osmotic pressure of a solution is dependent upon the proportion 
of water and osmotically active substances, it may be concluded that either 
a decrease in the water content or an increase in osmotically active sub- 
stances will have an identical effect, namely, an increase in the osmotic 
pressure. 

The plant may be considered as a product of its environment, and the 
osmotic pressure as an expression of that environment’s effect upon the 
l)lant. The plant lives in a dual habitat, and acts as a balancing factor be- 
tween the moister soil surrounding the roots and the drier air surrounding 
the tops. The plant, as a connecting link between these habitats, expresses 
their relative forces by its osmotic value because the percentage of water in 
the plant depends upon the comparative demands of these two habitats. If 
the soil supplies moi.sture as fast as the air removes it, then the osmotic pres- 
sure must be low. As the air removes more and more water and the water 
content of the plant tissue is drawn upon in order to supply the demand, 
then, so long as the osmotically active substances remain constant, the 
osmotic pressure rises proportionately. Soil moisture and air humidity may 
therefore be regarded as the most important external factors of the environ- 
ment, and the water content of the plant tissues may be considered as an 
extremely important internal factor in the study of osmotic pressure. It iSj 
believed that changes in osmotic pressure should be looked upon primarily 
not as an adaptation to the environment but as a result of environmental 
changes j thus high pressures in time of drought are chiefly a result of the 
drought and not an adaptation to it. 

During the extremely dry summer of 1934 osmotic variations due to 
changes of water content far overshadowed those due to changes of sugar 
content, therefore the latter factor was not considered in any detail. 

I f'ontaribution from the Department of Botany, University of Nebradui, no. 95. 

mi 
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Literature 

One of the most complete summaries of recent investigations on osmotic 
pressure is that given by Milled ( 17 ). Korstian ( 11 ) and Meyer ( 16 ) 
give good accounts of the methods of collecting material. For information 
on killing of material and extraction of sap, the papers of Dixon and Atkins 

( I ) , Gortner, Lawrence, and Harris ( 4 ), and IiJeyer ( 16 ) have been found 
helpful. Osmotic pressure as an ecological or environmental indicator is well 
treated by Drabble and Drabble ( 2 ), McCool and Millar ( 14 ), Korstjan 

( II ) , Meyer ( 16 ), Harris, Lawrence, and Gortner ( 8 ), Molz ( 18 ), and 
Eaton ( 3 ). The indicator value of osmotic pressures is discussed by 
Harris et al. ( 7 ) and by Walter ( 20 ). The daily and seasonal cycle was 
studied by Herrick ( 10 ), Molz ( 18 ), McCool and Millar ( 14 ), Henrici 
(9) , and Korstian (11 ) . Henrici worked on the osmotic pressure of grasses 
( 9 ). The relationship of osmotic pressure to drought and frost resistance 
is reviewed by Maximov ( 13 ). Water content of tissues was studied by 
Yapp and Mason ( 24 ) and by McCool and Mh^lar ( 14 ). Walter ( 20 ) 
alone has touched ujion the osmotic pressures of prairie plants. He made 
determinations on a dozen species in the early spring of 1930 and again after 
a moderate midsummer drought. 


Methods 

All osmotic pressure determinations were made by the cryoscopic method. 
Materia] was gathered in as nearly as possible the same place throughout the 
season, in order to avoid soil moisture heterogeneity. Collections were made 
on either the lowland or upland prairie at Belmont, 2 miles north of Lin- 
coln, Nebraska, between the hours of 1 and 3 p.m., unless otherwise noted. 
The plants were cut at ground level and placed immediately in pyrex glass 
beakers, corked, and frozen in carbon dioxide ice, where they were left over- 
night. The juice was extracted from the thawed material the following 
morning at a pressure of 10,000 pounds. The freezing point of the sap was 
determined at once by use of an ether evaporation device (fig. 1) much as 
described by Mathews ( 12 ). The thermometer measured to 0.001°. and, 
by means of close fitting tubes, a test could be made with only 2 to 3 cc. of sap. 
Atmospheric pressure was calculated according to the customary formula and 
tables by Harris and Gortner (8, 6). 

Water content was determined on samples of about 50 gm. collected in 
screw-top aluminum cans. The samples were dried at 80° C. for at least 
48 hours. The calculations were made on the basis of green weight, to con- 
form with other work on water content of plant tissues. 

Soil moisture determinations were made at each collection and w’ere 
designed to show the trend of available moisture rather than the specific 
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Fig. 1. Ether evaporation freezer used in eryoscopic measurements. Air is sucked 
from the lefthand tube by means of a water suction pump which causes air to enter at the 
rightiiand (intake) tube. The glass stirrer is operated constantly. About 10 minutes is 
aniijlo time to freeze a sample. 

moisture available to any one individual. Samples were taken at depths 
at 0-6 inches, 6-12 inches, 1-2 feet, and 2-3 feet. The Briggs’ geotome and 
the customary friction-top soil cans were used. Calculations were made 
on the oven-dry basis. 

Procedure 

Seasonaij trend 

The summer of 1934 was the hottest and driest on record in Nebraska, 
and consequently the absolute extremes of values were doubtless met. The 
seasonal trend of the most important species shows a wide range both in 
osmotic values and in water content of the tissues. The values for shallowly 
rooted plants especially followed closely the graph of available water in the 
soil (fig. 2). The available water decreased throughout most of the season 
except for a period in early June when slight increases were recorded. The 
soil moisture in all levels down to 3 feet reached the hygroscopic coefficient, 
which was taken as the limit of availability. Water in some levels dropped 
to 2 per cent, below the hygroscopic coefficient. 
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Fig. 2. Available soil moisture in the first 3 feet of upland prairie soil : at 0 to 6 

inches depth ; J?, 6 to 12 inches; C, 12 to 24 inches; and I>, 24 to 36 inches. 

Relative humidity was always below 30 per cent, when samples were 
taken, and readings as low as 12-15 per cent, were encountered in July. 

Table I includes a group of plants which succumbed in early summer to 
the severe drought. All the species blossom and fruit early in the season, 
and then most of them either dry or remain almost dormant in the shade of 
the tall grasses. Their osmotic pressures increased as the season progressed 
and the soil dried. While some of these gras>ses had ranges of 20 to 88 
atmospheres, the forbs had usually a rather low range. Most of the early 
readings in this group were higher than average. In all cases the water 
contents varied inversely as the osmotic pressures. 

Perhaps the most outstanding feature of the season’s data is the fact that 
Bosa arkansana, Liatris punctata, Kuhnia glutinosa, Psoralea florihunda, and 
others, having roots 10 to 20 feet in depth ( 21 , 22 ), did not show a great in- 
crease in osmotic pressure even when drought w^as most severe (table II). 
The maximum increase in this group was about 12 atmospheres, although 
some individuals showed almost no definitely increasing trend. The water 
content of the tissues decreased regularly although the decrease was less than 
that shown in more shallowly rooted species. Experiments have shown 
that prairie soils, although they may dry below the point of available water 
in the surface layers, are always moist at deeper layers (23) . 

Moderately deeply rooted upland plants, however, such as Helianthus 
rigidus, Andropogon scoparius, Bouteloua gracilis, Solidago glaherrima, and 
others, which extend from 3 to 9 feet deep, showed great increases in osmotic 
pressures as the soil dried (tables III and I) . Most of the moderately deeply 
rooted grasses reached osmotic pressures of 35 or more atmospheres, and the 
xeric Bouteloua gracilis reached 60 atmospheres. Many forbs also showed 
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TABLE I 

Osmotic pbessxjkes and watek contents or puants that succumbed in eably summer 
Each dried at the time or last determination or its osmotic pressure 


Species 

Criterion 

Apr. 

10 

Apr. 

17 

Apr. 

24 

May 

1 

May 

8 

May 

15 

May 

21 

May 

28 



Per eent. 









Allium muiahile 


water 
Pressure 
Per cent. 

i 

10.8 

10.9 



9.1 



Anemone oarolmiana .. ■ 


water 

Pressure 

Per eent. 

17.3 


IS.f) 

j 






Auiennaria mmpestris - 


water 
Pressure 
Per cent. 


9.9 

12.4 


18.2 




Afttragalus crassicarpus - 


water 

84.0 


82.3 

78.5 

74.0 

72.9 

73.0 

69.2 


Pressure 
Per cent. 

12.4 

30.9 

33.2 

13.3 

15.4 

35.6 

17.9 

38.7 


Boutcloua gracilis 


water 




1 




37.7 


Pressure 
Per cent. 




23.6 1 

25.9 


43.5 

59.5 


Cnrcx pennsglvariica 


water 



64.6 1 







Pressure 
Per cent. 

12.8 

32.8 

19.3 

i 



17.3 


30.2 

1 


Cogswellia daitcifolia ^ 


water 

79.7 


79.5 j 

77.3 

77.3 


70.1 

63.5 



Pressure 

34.4 

11.5 

14.6 

16.3 

16.1 

16.6 

17.0 

20.2 


* 

Per cent. 









Fragaria v i rg i n inna 


water 
Pressure 
Per cent. 


12.0 



i 

1 


14.9 


Koclcria crislata 1 


water 
Pressure 
Per cent. 

35.8 

36.4 

17.4 


24.1 



35.0 

Xoihocalais cmpidata - 


water 
Pressure 
Per cent. 

12.8 

13.2 




15.2 



1 

Poa pratensis ^ 


water 


72.5 



57.4 





Pressure 
Per cent. 

14.5 




28.9 

25.5 


28.5 


>Sf isyrin ch i u m ca mpcsire ^ 

1 


Avater 

Pressure 




14.4 






increases of as much as 25 atmospheres. The range of osmotic pressures from 
early spring to midsummer was much greater in every species than that 
recorded by Walter (20). 

In this group also the water content of tissues varied inversely with the 
osmotic pressure and very great decreases were common. Many plants 
when growth ceased had only half as high a water content as had been 
recorded earlier. 

It is evident from tables I-IV that the osmotic pressure and water content 
may be more or less characteristic of a species. Thus the values for an 
individual species may vary definitely from those of another in the same 
habitat. If one species has a higher osmotic pressure than another, in gen- 
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eral it can also be expected to have a lower water content. A high or low 
osmotic pressure may be characteristic of a species, but by extreme variation 
of available soil moisture the ranges of any two plants may be seen to over- 
lap widely. 

It is interesting to note that the prevernal and typically first layer plants, 
such as Anemone caroliniana, Carex pennsylvanicaf and Antennaria cam- 
pestris (table I), did not have the markedly lower osmotic pressures that were 
expected from their characteristically mesic habitat. This, however, may 
have been due in part to the unusually dry year. 

The relationship between water content of the tissue and osmotic pres- 
sure should also be noted. In most eases shown in tables I-IV the water 
content decreased regularly as the season progressed, and, while the water 
content may have increased during rainy periods, it never responded as much 
proportionately as did the osmotic pressure. As the plants matured some 
cells may have dried completely, and having no sap, they would not influence 
the osmotic pressure, but having dry matter they would tend to decrease 
the percentage of water in the tissue. There are probably some physiological 
changes also, such as thickening of the cell walls, which are characteristic of 
older plants, that may in part account for this fact. As the season 



Fig. 3. Grai^hs of average osmotic pressure (A) of Aster salicifoUus, Jlelianthus 
grosseserraiusy Fanityum virgatumy Solidago altisaima, and Spartina michauxiana, all of 
lowland, and water content of their tissues (B). Water content (C) of Andropogon sco- 
parvus, Baptisia leucophaea, Hclianthus rigidus, Solidago glaherrima, and Sporobolus 
heterolepis, all of upland, and their osmotic pressure (P). Average total water content 
(F) of first 3 feet of upland soil. 
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progressed, therefore, the curve of dry matter tended to deviate steadily 
from the curve of osmotic pressure. This fact is well shown in lowland 
plants where little variation in osmotic pressure occurred (graphs A and B, 
fig. 3). 

The small seasonal change in osmotic pressure and water contents of plants 
listed in table II indicates that their long roots enable them to obtain a suf- 
ficient water supply at all times, and that they are the truly drought re- 
sistant plants of the prairie. The same tendency is shown in typical low- 
land plants such as HeUanthus grosseserratus, Aster salidfolius, Solidago 
altissima, Panicum virgatum, and others (table IV), for these plants are 
able to obtain sufficient water because of its greater abundance in the low- 
land soil. The water table in the lowland seldom falls below 4 feet and 
water is probably always available below the first 6 inches. Many of these 
lowland plants show no tendency to increase their osmotic pressure more 
than one or two atmospheres. 

This lack of any very great increase of osmotic pressure in plants of the 
lowland is further illustrated in figure 3, which shows comparative seasonal 
curves of five typical lowland and five typical upland plants. The upland 
plants showed a great increase in pressure as the season progressed while the 
lowland plants showed a comparatively small increase. The two grasses in 
each group showed greater increases than did the forbs. That lack of water 
caused the increase in the upland plants is further borne out in this graph by 
the fact that their pressures decreased abruptly after the rains of early June. 
That lowland plants do not have an osmotic pressure typically lower than 
upland plants, except during times of stress on the upland, is shown by the 
readings on April 15 at which time the upland plants had the lower average 
pressure owing to the plentiful soil moisture. Osmotic pressures as an 
index to site or habitat should therefore be used only during drier seasons. 

Responses of deeply and shallowly rooted plants 

The same lack of response of plants having access to water is shown by 
samples of the same species on the same day from both upland and lowland 
habitats. Figure 4 shows that, in both lowland and upland habitats, the 
deepest rooted species such as Rosa arkansana, Liatris punctata, and Kuhnia 
glutinosa, which penetrate to a depth of 16 to 21 feet, vary but little and some- 
times insignificantly both in osmotic value and in water content. In the 
same two habitats, however, plants such as Andropogon furcatus, HeUanthus 
rigidus, and Solidago glaherrimn, whose maximum root penetration varies 
only from 7 to 9 feet, show a great difference in both water content of tissues 
and osmotic pressure. Experiments have shown intermediate values for 
these plants on midslopes. This shows that with shallower rooted species the 
dryness of the habitat is indicated by the osmotic pressure and the water 



TABLE IV 

Osmotic peessubes and watee contents op impoetant lowi^nd species which noemally have available water at 
ALL times. Most species showed no eppects op the drought 
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Fio. 4. Average osmotic values of the same species growing on both upland and low* 
land, from samples collected at the same time. Average osmotic pressure {A) of the 
deeply rooted Liatris ptmctata, Kuhnia glutinosay and Bosa arhansana, and their average 
water content (J5). Average osmotic pressure (C) of the moderately rooted Andropogon 
fiircatua, Helianthns rigidm, and Solidago glaberrima, and their average water con- 
tent (Z>). 

content of the tissue. It further shows that in all cases the water available 
to the plant is indicated both by the osmotic pressure and the water content 
of the tissue, whether this availability be due to depth and efficiency of the 
root system or to an abundance of water. 

These results may serve to explain the many conflicting reports as to the 
value of osmotic pressure as a criterion of site. They show that deeply 
rooted plants should not be used as indicators and that only during times 
of stress are differences in site expressed. When judiciously employed, how- 
ever, osmotic p)ressure is an excellent index. 

Humidity and sojl moisture as factors influencing osmotic pressure 

An experiment was conducted to determine the relative influence of 
humidity and soil moisture. Four closely adjacent plots with similar 
vegetation, each about 2 meters square, were selected. Two were watered 
by means of sprinkling during a period of three days. This wet the soil to a 
depth of 3 feet and increased the average soil moisture from 11.9 to 19.1 per 
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cent. One of these watered plots and one of the unwatered ones were walled 
in with stiff cardboard to a height of about 3 feet, and the tops covered with 
muslin. The muslin transmitted enough light for photosynthesis but afforded 
sufScient shade and protection from wind to raise the humidity considerably. 
Inside the enclosures were pans of water which had saturated muslin strips 
running from them to the muslin roof. This device w’as sufficient to raise the 
relative humidity from an average of 33 per cent, outside to an average of 51 
per cent, inside the wet plot and 46 per cent, inside the dry plot. These 
humidities, or at least similar humidities, were maintained for at least 48 
hours liefore samples were taken. No free water was present on the plants 
when collected (table V) . 


TABLE V 

AvESAOE osmotic PKF.SSUKES JTKOM TWO EXPESIMENTS DESIGNED TO SHOW RELATIONSHIP OT 
OSMOTIC VALUES TO HUMIDITY AND SOIL MOISTURE 


Species 

Dry, 

NON -HUMID 

Wet, 

NON-HUMID 

Dry, 

HUMID 

Wet, 

HUMID 


aimn 

atm. 

atm. 

atm. 

Stipa spartea . 

24.9 1 

20.6 

18.9 

19.2 

Spm'oholus heterolepis 

15.3 

14.8 

12.0 

10.7 

Amorpha canescens 

16.5 

10.3 

13.5 

13.2 

Solidago glaberrima .. 

15.1 

14.6 

33.7 

12.8 

Andropogon nutans 

13.7 

33.6 

12.6 

12.3 

Andropogon scoparius 

35.7 

11.5 

32.6 

9.8 

Average . . ... 

16.21 

I 

14.75 

13.57 

12.57 


It may be seen from table V that both increased humidity and increased 
soil moisture decreased the osmotic values. When both were increased the 
effect was considerably greater than when only one was augmented. 

It is of interest that the osmotic pressures of the deeply rooted Amorpha 
canescens, which absorbs very little in the surface 2 feet, were scarcely 
affected by watering the soil. As would be expected, however, they were 
decreased by increasing the humidity. 

In all but one species, Andropogon scoparius, the increase of humidity 
alone gave a greater change than did increase of water content of the soil 
alone. This fact does not necessarily indicate, however, that soil moisture is 
a less important factor in influencing osmotic pressure than is humidity. This 
soil moisture was necessarily mostly near the surface, and at best the indi- 
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cation would be only that this particular humidity change was more impor- 
tant than the soil moisture change. It does, nevertheless, show the impor- 
tance of humidity as a factor affecting osmotic value. The osmotic value 
decreases as the plant tissue increases its water, whether this increase is due 
to greater absorption or to decreased transpiration. This relationship to 
water content of tissues is shown in table VI, which gives data for those 
plants which were sufficiently abundant to yield a water content sample. 

TABLE VI 

Water content or plants rsou areas on which houidity and water content or soil 

WERE VARIED 


Species 

Drt, 

NON-HUMID 

Wet, 

NON-HUMID 

Dey, I 

HUMID 1 

Wet, 

HUMID 


% 

% 

% I 

% 

SpoTobolua heterolepis .. 

51.8 

53.5 

. .. j 

56.0 

Amorpha canescens . 

52.3 

53.2 

54.8 I 

54.3 

Solidago glaherrima . . 

64.8 

. ... 

65.6 { 

70.7 

Andropogon nutans 

55.2 

55.2 

1 

j 

60.5 

Andropogon scoparius 

54.9 

62.1 

1 61.0 i 

1 i 

63.6 


These water content values show the same sequence as do the osmotic pres- 
sures, and strongly indicate that the osmotic change was due solely to change 
in water content and not to any change in photosynthetic or other physio- 
logical processes. This probably was due to the extremely hot dry weather, 
which prohibited stomata! opening. It is concluded, therefore, that both 
humidity and soil moisture are important factors, and that both act through 
the medium of the water content of the tissues. 

DaILT CYCLE OF OSMOTIC PRESSURE AND WATER CONTENT 

The daily trend of osmotic pressure in Andropogon scoparius, the 
dominant upland prairie grass, was determined. At the time of the investi- 
gation the soil was very dry and the humidity correspondingly low. All 
grass leaves were folded and did not open even during the night. It seems 
probable that the stomata did not open during the experiment and that no 
carbon dioxide was absorbed for photosynthesis. We may conclude, there- 
fore, that the cyclic change was due largely to increase and decrease of the 
water stres's. In order to eliminate the factor of soil heterogeneity, twelve 
plots were staked off and each of the twelve samples was composed of equal 
parts from each of the plots. Samples for both water content and osmotic 
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pressure were taken in duplicate every 2 hours for a period of 24 hours. 
Figure 5 shows the graphs for these two values together with the temperature 
and humidity. During this period the osmotic pressures were rising rapidly, 



Fig. 5. Daily cycle of water content and osmotic pressure of Andropogon scoparius 
during extreme drought. Belative humidity and air temperature are also given. 

and it is probable that on the second day they rose considerably above those 
on the first day. The graph is much as would be expected, except for the 
tendency of the osmotic pressure to reach a minimum early in the night and 
to maintain that minimum until early morning. This may indicate that the 
osmotic pressure of the plant had decreased to the same value as that of the 
soil water, and that, in such a case, the value for the plant sap could decrease 
no further despite the fact that the humidity had ceased to make so great a 
demand upon the water of the plant. The decrease in the water content of 
the plant tissues from 2 to 4 a.m. is not clear. 

These graphs present further evidence of the importance of humidity as 
a factor affecting osmotic pressure. They show definitely that a daily 
curve may be effected by moisture relations as well as by photosynthesis. 
Since soil moisture varied but little during the experiment and there was 
probably no photosynthesis, the changes may be attributed to variations in 
humidity. 

A similar daily cycle test was made with the lowland sunflower, 
Helianthus grosseserraius, but in this case, where soil moisture was plentiful, 
the daily change did not exceed two atmospheres' pressure. Here also the 
maximum pressure was obtained during the hot afternoon and the minimum 
during the more humid night. The data show that where soil moisture was 
sufficient to supply the demands of the atmosphere the daily range was much 
less than that found in the drier uplands. 



STODDARD : OSMOTIC PRESSURE AND WATER CONTENT 


675 


Comparative vAiiUEs op roots and tops 

Experiments were conducted with Panicum virgatum in order to ascer- 
tain the gradients of osmotic pressure and water content between the tops and 
roots. Rhizomes were planted in soil consisting of nine parts of sand and 
one part of loam. They were allowed to grow until the time of flowering, 
when the large wooden containers were opened and the roots of one plant 
were quickly shaken free of adhering sand and frozen for osmotic pressure 
determination. The osmotic pressure of the top of the plant was also 
determined. A second plant was used for ascertaining the water content of 
both roots and top. So far as possible the roots were shaken free from sand 
before drying. Water content of the sand-soil mixture was also determined 
so that calculations of the water held by the sand adhering to the roots might 
be made. When the sample of roots was dry, it was reweighed to get total 
water loss. It was then washed free from all sand and soil. The weight 
of the roots and the weight of this adhering sand and soil were next de- 
termined. The part of water that had been lost by the adhering soil and the 
part lost by the roots were then obtained. Finally the water content of the 
roots was calculated. The water contents of the roots and top were 74.5 and 
59.9 per cent, respectively, and the osmotic pressures 8.43 and 13.84 A. Thus 
the osmotic pressure was greater in the top of the plant, and the water con- 
tent varied inversely as the pressure. 

Effect of age of tissue on osmotic pressure and water content 

Late in the season, when most plants had reached a very high osmotic 
pressure, a plot was watered artificially for a period of three weeks. Some 
of the area was cliptied prior to watering to allow new vegetation to be 
produced while other parts were left undisturbed in order to preserve the 
old vegetation. Pour species gave enough new growth to permit a test in 
which the tissue was two weeks or less of age. A determination was also 
made on old growth in which only mature tissues were used. The results 
are shown in table VIT. It may be seen that in all cases the older tissue had 
a higher osmotic pressure, despite the fact that the soil moisture was iden- 
tical in each case. In the two plants tested the water contents varied in- 
versely as the osmotic pressures, as would be expected. This experiment 
indicates that osmotic pressure increased as the tissue aged regardless of 
water content of the soil, although in some species, such as the grasses, the 
increase was very small. 

It is of interest to note that on the watered plot the old tissues in many 
plants decreased their osmotic pressures to values such as were recorded in 
early spring, and the water content in the plant tissue rose to almost as high 
a figure as had been recorded early in the season. The average soil moisture 
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TABLE VII 

Osmotic prkhsure of new and old tissxtes under same soil moisture conditions 


Species 

New TISSUE 

Old TISSUE 

Osmotic | 

PRESSURE 

1 Water 

CONTENT 1 

Osmotic , 

PRESSURE 

Water 

CONTENT 


atm. 

% 

atm. 

% 

Amorpha eanescens . , . 

12.88 


19.60 

1 

43.5 

Andropogon scoparius 

9.39 

71.3 

9.75 { 

68.5 

Solidago glahcrrinia 

j 

10.48 

75.7 

16.72 ! 

58.2 

Spofoholus heterolepi^ . . . 

12.76 i 

1 


13.60 1 

62.3 


in the first 5 feet was only 10 per cent., about 3 per cent, above the hygro- 
scopic coefficient, although the surface soil contained 19 per cent. The gen- 
erally high humidity at this time likewise was conducive to low osmotic 
pressures. The deeper rooted species showed much less response than did 
the shallower rooted ones. Table VIII shows a few of these values with 
previous high and low readings for comparison. 

It is evident from table VIII that the osmotic pressure can be reduced 
to the spring value, or very nearly so, with an increase in soil moisture. Old 
tissue tends to be slightly higher in osmotic value than new tissue. As has 
already been pointed out, however, the water content of the tissue can never 
be brought back to the high value of spring because of permanent physiologi- 
cal changes and possibly death of some cells. 

TABLE VIII 

Osmotic pressures and water content values attained on a watered plot, with 

PREVIOUS HIGH AND LOW READINGS 


Species 

Watered plot 

Late summer 

Early spring 

Osmotic 

PRESSURE 

Water 

CONTENT 

Osmotic 

PRESSURE 

Water 

CONTENT 

Osmotic 

pressure 

Water 

CONTENT 


atm. 

% 

aim. 

% 

atm. 

% 

Amorpha canescens 

mmm 

43.5 

27.75 

42.0 

11.68 

69.6 

Andropogon furoatua. 



35.04 

37.6 

10.96 

77.0 

Andropogon nutans 

9.99 

71.4 

37.76 

35.8 

9.51 

73.2 

Andropogon scoparius 

9.75 

68.5 

37.47 

36.7 

8.19 

77.0 

Bouteloua gracilis . .. 

12.88 


59.50 

37.7 



Helianthus rigidus 

11.28 


36.95 

48.0 

9.51 

! 82.0 

Liatris punctata 


59.8 

14.08 

57.8 

11.44 

68.5 

Solidago glaherrima . 

16.72 

58.2 

28.46 

44.2 

11.04 

75.2 

Sporoholus heterolepis 


62.3 

37,54 

37.3 

7.47 

66.7 

Stipa spartea 

16.72 



32.77 

38.8 

15.64 

63.0 
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Discussion 

Osmotic pressures and water content of tissues closely parallel each other, 
and both are highly indicative of the availability of water. The fact that 
one species may develop a high osmotic pressure while that of another re- 
mains low implies that the first is suffering from water shortage while the 
second is not. Thus the high pressure is deemed to be a result of drought 
and not an adaptation to it. The plant’s ability to increase its osmotic pres- 
sure and thus keep the osmotic gradient in its favor is doubtless a valuable 
feature during periods of stress. It is rendered less valuable, however, by 
the fact that any possible increase will enable the plant to absorb water from 
a soil but little drier than that from which it could extract water without 
increase in pressure. This is due to the fact that the osmotic pressure of the 
soil solution, which is normally below that of even the most mesic plants, as 
it approaches the point of non-availability rises very rapidly to extremely 
high values not attainable by plants (19, p. 25) . It is also possible that slow- 
ness of water movement may cause wilting even while the osmotic pressure 
of the plant is still greater than that of the soil solution (19). In this case 
osmotic pressure of the sap would never be a factor involved in drought 
resistance. 

Colloidal imbibition is capable of exerting much greater force than is 
osmotic pressure and is probably the more important factor acting to secure’ 
water from a dry soil (19). 

These studies emphasize the fact that the drought resistance of prairie 
plants is due largely to their extremely deep and efficient root systems. 

Summary 

1. Osmotic pressure is regarded as an expression of the environment, in- 
dicating the relative forces with which the soil supplies water to the plant 
and the air removes it through transpiration. 

2. As the soil dried with the progress of the season the osmotic pressure 
of all prairie plants studied increased. This increase was frequently 30 or 
more atmospheres among moderately deeply rooted upland plants. Among 
deeply rooted upland plants and plants growing in low moist habitats the 
increase was usually only 2 to 10 atmospheres. 

3. As the soil dried, the water content of the tissue very regularly de- 
creased, although the change was much less marked in lowland plants and 
in those having very deep roots. 

4. Water content of plant tissue is a rather exact indicator of osmotic 
pressure, plants with high pressures usually having low water content and 
plants with low pressures usually having high water content. 

5. Osmotic pressure of the sap and water content of the tissue responded 
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readily to increases in soil moisture, but the response was much less in the 
case of water content of tissue. 

6. Osmotic pressure and water content of the tissue, except in very 
deeply rooted plants, are both excellent criteria of the water content of the 
habitat. 

7. Variation of both humidity and soil moisture indicated that these 
factors had a great influence on both osmotic pressure and water content of 
tissues. Minimum osmotic pressure and maximum water content of tissues 
were attained with a high humidity and a high soil moisture. 

8. Determinations of both osmotic pressure and water content of Aw- 
dropogon scoparius every two hours during a day and a night showed a 
reverse correlation between osmotic pressure and humidity, and a direct 
correlation between humidity and water content of the tissues. 

9. Similar determinations on a lowland species, Helianthus grosseser- 
ratus, rooted in moist soil, showed much less daily variation. 

10. Roots of Panicum virgatum had a lower osmotic pressure and a 
higher water content than the tops. 

11. New growth of plant tissue had a lower osmotic pressure and a 
higher water content than old growth. 

12. Artificial watering in late summer lowered osmotic pressure and 
increased water content of tissues. The values approached those of spring. 

13. Soil moisture and humidity are considered the major factors affecting 
osmotic pressure. 

The writer wishes to express sincere appreciation to Dr. J. E. Weaver^ 
under whose direction this work was done. 

Department or Botany 

University of Nebraska 
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KINETICS OP AN INTRACELLULAR SYSTEM FOR RESPIRATION 
AND BIOELECTRIC POTENTIAL AT FLUX EQUILIBRIUM 

Gordon Marsh 


(with pour fiqubes) 


Introduction 

The oxidation-reduction theory of bioelectric currents formulated by 
Lund (14) has received much experimental confirmation (16, 17). The 
theory assumes the normal aerobic respiratory process in the living cell to 
give rise to the electromotively active materials, as follows : 

(a) X^AHa 

(b) AHa + 0-»A + H,0 

(c) A-»Y-*CO, 


X is a precursor substance; AHj and A are the reduetant and oxidant, 
respectively, of the electromotive material. 

If we assume the dissociation AHj A + 2H+ -t 2e we may write 



K [AH,] 
[H*]* [A] 


where [e] is the electron concentration of the solution. The equation for the 
electromotive force developed at a locus (phase boundary) within the living 
cell may then be written 


EH = E,-^ln 


[A] 

[AH,] 


where Eh is the potential referred to the hydrogen electrode, E© a constant 

The difference of potential across the living 


RT FH+P 
(containing — In 


cell is assumed to consist of the difference between the oppositely oriented 
potentials of at least two loci, or 


Ep = En^-E,, 

The E.M.P. measured across a tissue will be the algebraic sum of the polarity 
potentials of all the cells included in the measuring circuit, or 

1 The convention of sign is that of Lewis and Bandall (12, pp. 389, 402), which 
is the simple negative of the more commonly used European convention (20, p. 465). An 

increase in the ratio . increases the negative value of Eh. The European conven> 
[AH,] 

tion, howevei*, has been followed in expressing the measured E.M.F. of cells and tissues. 
In consequence, the locus of high negative potential according to the equation is mectaured 
as the point of high positive potential. This has led to Ltjkd^s formal error of statement 
that the value of the ratio is smaller at that locus which is positive in the measuring 
circuit. 


mi 
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E = ZEp 


[A] 


For a given rate of oxygen uptake the ratio r TYr T possess a con- 

[AXI2J 

stant value, a condition termed by Lund a flux equilibrium. The E.M.P. 
will vary with oxygen pressure and other factors influencing the rate of 
metabolism, although the variation is not defined precisely in Lund's formu- 
lation (in part due to the inclusion of an oxygen concentration term in the 
equation). 

The present paper supplies a quantitative connection between the veloc- 
ity of the oxidative reactions and the measured E.M.F. of a cell or tissue. 
Certain properties of the intracellular system thus emerge which are not 
otherwise obvious. The system also yields a satisfactory equation linking 
the rate of oxygen consumption to oxygen pressure. 

At the risk of promoting a sterile controversy, it seems necessary to intro- 
duce the question of intracellular electrodes. The one objection urged 
against the oxidation-reduction theory of bioelectric phenomena is that 
metallic electrodes are absent from the cell (2). This argument is entirely 
a priori. It should be unnecessary to point out that the platinum (or other 
metal) electrode is not essential to the formulation of equations expressing 
the potential of an electrochemical system, nor to its manifestation (6, p. 
378). ^‘Metallic’' conduction is not restricted to “metals/^ and a normal 
cell structure possessing the esfiential properties of an electrode is physi- 
cally possible. 

Lund's theory assumes the existence of such structures (or interfaces). 
Aside from its implications there is no evidence upon this point.* In view 
of the unanimity of the experimental support which the theory has received 
and its power to unite an extensive body of data into a coherent whole, the 
writer prefers to accept the existence of intracellular electrodes rather than 
to dismiss as irrelevant the evidence which Lund and his coworkers have 
amassed. 


Relation of to respiratory velocity at flux equilibrium 

The steps in the oxidative reaction may be amended® to read : 

2 An attempt to provide direct evidence (21) has proved abortive. The color change 
reported at the borders of Tradeacaniia cells proved to be due primarily to retraction of 
the protoplast from the cell wall, not to a reversible pH change. The conclusion that 
conductors of the first class exist within the cell is unsupported (see also Blinks, 3). 

« Lund's equation (b) was not intended to specify the intervention of atomic oxygen. 
Consequently no great violence is done in altering the reaction to equation (2) above, 
while the mathematical treatment may be considerably simplified. The extra oxygen 
atom is here combined in A; for purposes of formulation the reaction might be written 
in any of a number of other ways. Until our knowledge of the specific chemical details 
of the respiratory process is greatly enhanced, the dynamics of the system cannot with 
profit be elaborated beyond some simple formulation like the present one. 
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X?=fcAH* (1) 

AH* + 0*->A + H*0 (2) 

A->y->COg (3) 

Because of the existence of (a) “basal metabolism” and (b) an 
as 3 rmptote to the oxygen consumption; oxygen pressure curves (equation 
(15) below), we may write [X] =C. (C varies with the nutritional state, 
but appears constant for a given state.) The number of equivalents (per 

““ 

liter) of X transformed irreversibly in time i will then be = k^C = Ki- 

at 

At flux equilibrium the velocities of production and removal of AHg and A 
and the velocity of oxygen consumption will all equal Ki, unless respiration 
be primarily determined by rate of diffusion of oxygen, a condition which 
theoretical and experimental investigations indicate to be non-existent, or 
extremely rare (11, 9). Under these conditions the E.M.P. at a locus will 
vary with oxygen pressure but the rate of oxygen consumption will be 
constant. Since, experimentally, consumption does vary with pressure, 
X ^ AHj must be reversible. 

Let [X]=:C. Then kiC = the tendency of X to form AHg, and 
k 2 [AH 2 ] =the tendency of AHg to form X. The number of equivalents 
(per liter) of X changing to AHg in time t will be: 


::^=k,c-kg[AHg] 

This is also the rate of production of AHj due to reaction (1), or 

^I^=k,0-kg[AHg] (4) 

The rate of disappearance of AHg according to reaction (2) may be written 

- -^ ■ • = k3P.[AHg] (5) 


where is the velocity constant of reaction (2) and P. is the flux equilibrium 
oxygen tension at a locus within the cell. 

At flux equilibrium (4) =(5), whence 


[AHg] = 


k,C 


ko + k.Po 


( 6 ) 


X2 T AjX 0 

The rate of disappearance of AHg equals the rate of production of A. 
Combining (6) and (5) 

d[A] k,k,CPc 


dt k, + kjPe 

The rate of disappearance of A due to reaction (3) is then 

-dfA] 
dt 


*k«[A] 


(7> 


(8> 
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where is the velocity constant of reaction (3). As before, at flux 
equilibrium (7) = (8), and 


f A1 = kgki CPc 
k,(k, + k,Pc) 


( 9 ) 


The ratio of concentrations of oxidant and reductant at a locus (at flux 
equilibrium) will then be 


[A] _k.,P, 

[AH,] k, 

and the electromotive force developed at a locus becomes 


( 10 ) 


En = B'o-|^ln Pe (11) 

- RT k. 

— In ^ is included in the constant E'„. 

K4 

Pc may be expressed as a function of the velocity constants of the reac- 
tions and the oxygen pressure of the medium surrounding the living cell. 
We may write the rate of diffusion of oxygen into a locus, in accordance 
with Pick’s law, as 


^=k.(p-p.) 


( 12 ) 


where P is the oxygen tension of the medium in contact with the cell and ko 
is a diffusion constant for oxygen. The rate of oxygen consumption at a 

locus niay he expressed by (7). At flux equilibrium the rate of 

diffusion equals the rate of consumption; equating (7) and (12) we obtain 
the expression 

kok^P^ (kgk.C + kok, - k,k3P)Pe - kok,P = 0 
whose roots are Pc = 


kok3P ~ k3k,C - kok^ dz V (k^kaC + kok,) ^ -f P%%^ - 2 P (kok,k3^C -- ) 

2kok3 

This may be simplified by writing 

k^kgC + kok2 j k^kgC — kok2 ^ 

Tk — Tk 

The constants are all positive in sign as written, and not zero. When 
P = 0, Pc = 0, hence 
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Only the positive root satisfies this condition. Therefore 
t. _P-a + Va* + P*-2Pb 

= (jgj 

and 

Ti!.~v.' P-a + Va* + P*-2Pb 

(14) 



stants. Pc - P^at P - 0 ; from zero Pc increases with P to become asymptotic 
to Pc = P The smaller the value of a-b the more rapidly the 

curve approaches the asymptote, as may be seen in curves (4), (5) and 

“ included in the figure to show 
how the flux equilibrium oxygen tension, P*, differs from the external 
oxygen pressure, P, for different sets of values of the constants. The larger 
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the sum a + b and the smaller the difference a - b the more widely does Pg 
depart from P. 

Eh, correspondingly, increases with increasing P (in harmony, it might 
be noted, with biological redox potential measurements) . The locus in the 
living cell becomes, under this treatment, a modified oxygen electrode, and 
[A] 


the ratio 


[AH,] 

Eh, as done by Lund (16, p. 244). 


cannot be combined with P (or [0] ) in the equation for 


Electrical polarity of the cell, E ^ 
The polarity potential of a cell will evidently be 


Ep = 


-RT 

2F 


In 



-RT 

2P 


Inr' 


-RT P-ai + Va* + P*-2Pbi 
“ P-a,+ V^P*-2Pb, 

where the subscript 1 designates the locus of high positive potential in the 
measuring circuit. (The negative sign of Ep comes from the convention 
used, as explained above.) 

Variation of r' with P for four sets of arbitrary values^ of the velocity 
constants is shown in figure 2. r' increases from 1 at P = 0, passes through 
a maximum, and again decreases to 1 as P becomes indefinitely large. Ep 
correspondingly would increase from 0 at P = 0, pass through a maximum, 
and again return to 0. Figure 1 illustrates why this must be so. With the 
difference between the two loci determined by kj (thus avoiding intersection 
of the Pc curves), equal increments of P cause a relatively greater increase 
in Pc for the positive locus (as measured externally) in the lower portions 
of the curves, and the ratio r' will increase. As the curves approach their 
parallel asymptotes, equal increments of P produce approximately equal 
increments in both Pc’s, and r' decreases. 

The position of the maximum on the P axis and the absolute value of the 
maximum are functions of the values of the constants. No general solution 
for either position or value has been found. Differentiating r' with respect 
to P yields an equation which is too involved to admit of solution by ordinary 
methods. It can only be demonstrated that substitution of appropriate 
values for the velocity constants furnishes numerical results which are in 
harmony with the experimental facts. 

For the ascending limb of the curve the polarity potential increases with 
increasing P. The position of the maximum for systems whose variation 

^For purposes of illustration it is assumed that the difference between two loci is 
solely determined by the velocity conetant k|, which is smaller at the locus of greater Eh. 
Ko significance is to be attached to such a choice of constants. 
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Pio. 2. Variables oi ti»e equations for Ep and E plotted against oxygen pressure. 
r'. = f(Ep) for apical cell; r\ = f(Bp) for basal ceU. r'iyr'» = f(E), the EJIJ*. being 
oppositely oriented in the two cells. B shows reversal of apico-baaal polarity at low values 
ofP. 

with P has thus far been investigated (frog skin, 16, 8; onion root, 22) 
evidently lies outside the range of oxygen pressures used. 

If the difference between the two loci giving rise to Ep involves one or 
more constants in addition to ki and C, the Pe curves may intersect (curves 
(3) and (4), fig. 1). Let P*, follow curve (3) and Pc, follow curve (4). 
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Ep for such a cell would show, in addition to the behavior just described, 
complete reversal of polarity below P = 6.5 (approximate). The critical 
pressure for reversal, or intersection of the curves, would be determined 
by the magnitudes of the constants. 

Such a reversal of polarity has recently been found for the apical 1.5 mm. 
of the onion root tip exposed to Hn gas ( 22 ). The potential gradient of this 
region of the root is unidirectional as a rule. If basally oriented regions 
existed the reversal may have been of the type discussed in the following 
section. 


Measured E.M.F. of a tissue or cell group 

The E.M.F. measured across a tissue may evidently be (1) the sum of 
the elements of a unidirectional potential gradient. In this case the varia- 
tion of E with P will not differ fundamentally from the variation of Ep with 
P. Or (2) E may be the algebraic sum of the elements forming two (or 
more) oppositely directed potential gradients, the axially growing 
organs or organisms such as Obelia stem, roots and shoots of plants, etc. 
Analysis of the behavior of E for this type of tissue leads to a relation 
between respiratory rate and the polarity potential which gives a theoretical 
foundation to a number of observed facts. 

In tissues and organs possessing apico-basal polarity the apex is electro- 
positive to the base in the external circuit. The rate of oxygen consumption 
per unit mass is higher for apical than for basal tissues, and Lund ( 16 ) has 
demonstrated unequivocally for Obelia (and later w^ork on the onion root) 
that this difference is due to the presence of a higher concentration of 
oxidizable material (AHj) in the apical cells. These facts suggest that the 
magnitude of the electrical polarity of a cell or tissue is a direct function 
of its oxygen consumption rate (at constant oxygen pressure), where the 
differences in oxygen uptake between cells are caused by diffei*ences in value 
of their respective constants, leading to differences in flux equilibrium level 
of concentration of AHo.” The properties of the system as outlined above 
are such as to yield this result. 

The relation may be demonstrated as follows; Assume, as before, the 
difference between two loci in the cell to be determined by kj. Let the dif- 
ferences in level of [ AHg] (between cells) be caused by variation in 0. For 

convenience of handling we may write o' for — — at a given locus. Then 

at 

from (12) and (5) 

o' = koP~koPc = k3Pc[AH2] 

’"^The conclusion of Lund and Moobman (19) that the potentials of twelve frog 
skins bore no obvious relation to their rate of oxygen consumption offers no conflict to 
this view, if only upon statistical grounds. In fact their data suggest that for a large 
number of skins such a relation might appear. 
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or 

t p 

Substituting into (5) we obtain 

koPkJAH,] 

"ko + kJAHJ 

At any fixed and finite value of P, [AH^] will be determined by C, and 
Lim. o' = 0 and Lim. o' = koP 

C->0 C-^oo 

„ koP-o' 

1 c- r 

, koP-o'i 
“koP-o^ 

where the subscripts 1 and 2 designate respectively the positive and negative 
loci as measured externally. Then 

Lim. r' = l and Lim. r' = l 

C-»0 C-»oo 

For 0 < P < 00 , o'l < o'a (equation 1.1^ hence r' varies for fixed P and 
changing C in the same way as for fixed C and changing P (fig. 2), and Ep 
rises from 0, passes through a maximum, and again descends to 0 as C 
increases. 

The rate of oxygen consumption of the cell will increase mth C. Under 
these conditions, and for the ascending limb of the Ep vs. C curve, the cell 
having the higher oxygen consumption will possess the larger Ep, and this 
will be true for all values of P between 0 and oo. Thus the net electro- 
positivity of the apex of polar tissues over the oppositely oriented basal 
regions is susceptible of explanation. 

This relation carries the implication that the state of nutrition of a tissue 
determines the magnitude of its measured E.M.F., for it is well known that 
the nutritional state affects the rate of oxygen uptake. Direct experimental 
proof has recently been presented by Lund ( 18 ), who showed tliat skins from 
frogs fed on liver gave potentials 83 per cent, higher (and oxygen consump- 
tion 28 per cent, greater) than those from starved animals. This is sup- 
ported by observations that captivity results in lowered potential (5, p. 362 ; 
8, p. 381). The clearest indication of a connection between magnitude of 
imtential and concentration of oxidizable material exists in the phenomenon 
of “rebound” or “overshooting,” a temporary increase in P.D. when P is 
changed from a low to a high value ( 16 , 8 , 22 ). The corresponding over- 


Prom (12) 
and 
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shootmg of oxygen consumption rate is of general occurrence and is evidently 
due to accumulation of AHj. 

The “apical” cell will also show a relatively greater increase in Ep with 
P. For simplicity let the E.M.F. represent the algebraic sum of the oppo- 
sitely oriented polarity potentials of an apical and a basal cell. Then 

E = ZE, = ^ln^ 

The subscripts a and b respectively designate the apical and basal cells. 
The difference between two loci is determined by the constant and this 
difference is the same for the basal as for the apical cell. The apical cell 

• 

is assumed to have the higher value of C. The variation of ~ with P is 

r', 

plotted in figure 2, using the values of the constants given in table I. 

r p 


TABLE I 

Constants or thb cdbvss in riooKX 2 



increases from 1 at P = 0, passes through a maximum, and returns to 1 at 
P = indefinitely large. The E.M.P. would increase from 0, pass through the 
maximum, and again return to 0. The curve is similar in form to r' vs. P 
and the position of the maximum lies slightly beyond that for the r . curve. 
The rate of oxygen consumption of the apical cell in both cases is greater 
than that for the basal cell (calculated by equation 15 below). For the 
ascending limbs of the curves, the system satisfies the observed dependence 
of apieo-basal polarity upon P. 

Two cases are theoretically possible for the ascending limb. In figure 2A 
the apical cell is everywhere positive to the basal save at P = 0 and P = oo . 


When the value of the ratio ^is small compared with the value of how- 

ko 


ever, the tissue will show an inverted polarity at low values of the oxygen 
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pressure, as appears in figure 2B. Reversal of tissue polarity under these 
conditions is due to the fact that Ep increases more rapidly in the vicinity 
of P = 0 for the basal cell than for the apicaL 


Velocity of cell oxidation and oxygen pressure 
The treatment given above yields a theoretical equation linking the 
velocity of cell oxidation to the oxygen pressure of the medium.* The rate 
of oxygen uptake at a locus is expressed by equation (7) 

-do _ k,Ck,P. 
dt kj + k,Pe 

Upon substituting the value of P# from (13) we obtain 


- do _ kiCk»(P - a + ya" + P" - 2Pb) 
dt ~ 2kj + k,(P - a + Va* + P* - 2Pb) 

Dividing the numerator and denominator by k, and performing the sub- 
2k 

stitution = a - b, gives 
hs 

-do _ k,C(P-a+V a" + P»-2Pb) 
dt ^ (P-b+ V a‘ + P*-2Pb) ^ 

"Equation (15) is plotted against P in figure 3 for six sets of values of 
the constants. at P = 0; it increases rapidly at first, then more 

slowly, and approaches kjC as a limit as P becomes indefinitely large. 

The measured respiratory rate of a tissue or cell will be the sum of 

the ’s for all the loci. For simplicity we may write^ 


0 ' 



The characteristics of the curve 0' vs. P will be similar to those of the indi- 
vidual curves, and the curve will approach Zk,C as a limit as P in- 
creases. This may be seen in figure 3, where curve (1) is obtained by adding 
together the points on curves (2), (3), and (4). The summation curve will 
follow the course of an equation identical in form with equation (15), or 

Zk,C(P-a^ + Va-« + P*-2Py) 

P-b'+Va'* + P*-2Pb' 

* For a recent review see Tako (84). 

^ 0' is introduced to avoid possible confusion of the more generally used A with 6ie 
same symbol for the oxidant of the electromotively active material. O' corresponds to 
the function A/A.. 
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Flo. 3. Bate of oxygen consumption vs, oxygen pressure for the following values of 
the constants! (2) k,C = 6, a = 3, b = l; (3) k,C=:3, a = 4, b=:2; (4) kiC = 2, a = 2, b = l; 
(1), the summation curve of (2), (3), and (4) is fitted by the same general equation; 
values of the constants are 2kiC = 10, a^=:2.98, b^ = 1.167. (5) shows a nearly linear 

relation between consumption and pressure, k,C = ]0, a = 30, b = 29. (6) k,C = 10, a = 30, 

b = 5. 


a' and b' will lie within the extremes of the values of a and b respectively 
for the different loci. No general expression has been obtainable for deter- 
mining their value. 

ZkjC may be eliminated in the following manner : 


Then, 


Let O; 


0^ at P at P 

0' at its maximum value XkiC 


(Y _ P-a' I + 

”“P-b'+ Va'* + P*-2Pb' 


(17) 


The behavior of Om vs. P for different values of a' and V may be inferred 
from figures 3 and 4. The larger the value of a' the more slowly does the 
curve approach its asymptote. For a given value of a' the curve approaches 
its asymptote rapidly when a'-V is small, slowly when a'-b' is large. 
With a' and b' very large and a' - b' very small, the rate of oxygen consump- 
tion will appear linear over even a considerable range of P. In describing 
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experimental results of the linear type equation (16) would be employed, 
since the maximum rate of oxygen consumption is not determined. 

Equation (17) has been applied to the majority of the data to be found 
in the literature, and in most cases yields a satisfactory fit. Space limita- 
tions prevent complete analysis of all available data; enough only is pre- 
sented to illustrate the advantages and weaknesses of the equation as a 
description of experimental results. 

Six sets of data are plotted in figure 4. The curves represent the course 



fia. 4. Bate of oxygen consumption v*. oxygen pressure for six sets of published 
data: (1) Shoup (23) luminous bacteria, a' = 4, b' = 2.7; (2) Tano and Oesabd (26), 
fertilized Arbacia eggs, a' = 36.4, b' = 35.26; (3) Lund (18), Plamria affiUs, a' = 35.5, 
b' = 27.5; (4) Mktebhop (Oehabd, 9, p. 267), NO, bacteria, a' = 37.2, b' = 8.41; (5) 
Ambesson, Mayeeson, and Scott (1), Somarus, a' = 113, b' = 90; (6) Thunbbbo (26), 
Lmax, a' = 93.6, b' = 17. The curves follow the calculated values; observed values indi- 
cated by crosses or dots. 

of equation (17) ; experimental points appear as crosses or dots. An arbi- 
trary maximum was estimated for curve (5). For curves (2) and (6) the 
correspondence of observed and calculated values is nearly complete. 
Shoup’s (23) results for luminous bacteria, curve (1), reach the maximum 
somewhat earlier than the calculated curve. Curves (3) and (5) show good 
correspondence except for the scattering of the experimental points. An 
incomplete fit is afforded the data of Meteehop on NO* bacteria (table in 9, 
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p. 267), shown in curve (4). Calculated and observed values correspond 
almost exactly until P reaches about 80 mm. Hg, beyond which the ob- 
served points deviate, reaching Om = 1 in advance of the theoretical curve. 
Similarly data by Tano on unfertilized Arhada eggs (9, p. 266) can be ac- 
curately fitted save for the upper three values. Determination of the point 
of 100 per cent, respiration is not always easy, and a moderate error may 
considerably alter the shape of the resulting Om vs. P curve. 

The equation will not follow data which show an upward concavity when 
plotted as above, e.g., those of Ambebson, Matebson, and Scott (1) for 
Nereis. In the modified form, however, it will describe the linear relation 
between O' and P found by Hall (10) for the toadfish. Seasonable corre- 
spondence is found for other data (scup and puffer, 10; fertilized Arbacia 
eggs, 25 ; frog’s skin, 15 ; termite, 7 ; and others) . An almost point to point 
fit is given the curve for NO^ bacteria, Metebhop (table in 9) and to data 
by Bodinb (4) on embryos of Melanoplus differentialis. 

The theoretical equations relating oxygen consumption to oxygen pres- 
sure through the effect of oxygen upon the reaction velocity of the oxida- 
tive process are summarized by Tang (24). All take the hyperbolic form 

p 

= T? — tTB where A is the oxygen consumption rate, P the oxygen pres- 

Jii JtjJr 

sure, and and are constants. Gebabd (9), using the equation in the 
form 

A _ [0,] 

A. K+[0,] 

found K only roughly constant, if at all, for data by Shoup, Tang, and 
Metebhop. Except for Tang’s data the variation in K was greatest in the 
lower range of P. The graphical application of the equation to twenty-four 
sets of data by Tang (24) likewise is least successful at small values of P. 
(A scale for the ordinate in Tang’s figures would make it possible to judge 
how well the equation really fits.) 

In the “hyperbolic” equation P is interpreted to be the oxygen pressure 
of the medium, although upon the underlying assumptions it must be the 
intracellular oxygen pressure. The equation is identical with (7) above, 
and is valid only when Pc/P approaches 1. This will occur as P — » 0 and as 

• fl ’4' 1) 

P — > 00 ; it will be true for all values of P only for cells in which ^ is 

very smaU. It would be expected, therefore, that for small values of P the 
hyperbolic equation would show a poor fit for numerous experimental data, 
as Gebabd and Tang apparently have found. 

The estimation of the relative applicability of similar mathematical 
formulas to experimental results is uncertain. Nevertheless, because of its 
competency to follow experimental values in the lower range of P where 
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the hyperbolic equation tends to deviate, and because of the somewhat 
sounder theoretical foundation, the writer is of the opinion that the equation 
developed in this paper will prove more generally valid. 

Finally it may be remarked that the derivation of a valid oxygen con- 
sumption: oxygen pressure relation upon the basis of the formulation of 
the reacting system for B.M.F, fulfills a necessary condition for the oxida- 
tion-reduction theory of bioelectric currents. 

Summary 

A quantitative connection is derived between the velocity of respiration 
and inherent cellular E.M.F. upon the basis of the amended steps in the 
oxidative reaction proposed by Lund. The system shows the following 
properties : 

1. Direct dependence of the potential at a locus upon oxygen pressure. 

2. Dependence of the electrical polarity of a cell (difference between 
two or more loci) upon oxygen pressure. 

3. Direct dependence of the magnitude of cell polarity upon the concen- 
tration of the oxidizable material, i.e., upon rate of oxygen uptake at constant 
oxygen pressure. 

4. Relatively greater increase in cell polarity with increased oxygen 
pressure for the cell possessing the higher concentration of the oxidizable 
material, i»e,, dependence of apico-basal polarity upon oxygen pressure. 

5. Reversal of cell or tissue polarity at low oxygen pressures under 
appropriate conditions. 

An oxygen consumption-oxygen pressure equation is obtained which 
satisfactorily describes existing data. 

Zoological Laboratory 

State University or Iowa 
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PHYSIOLOGICAL PROBLEMS CONNECTED WITH THE USE 
OP SODIUM CHLORATE IN WEED CONTROL 

A. S. Cbafts 
Introduction 

The use of sodium chlorate for controlling 'weeds has become a general 
agricultural practice within the past decade. The attendant experimental 
work has produced a voluminous literature and has brought into prominence 
many problems of a purely physiological nature. Since progress in the ex* 
perimental work on chlorate apparently depends upon properly comprehend- 
ing the mechanics of its distribution and absorption, work on these phases 
would have an immediate value. This paper presents several problems for 
consideration by plant physiologists and persons experimenting with weed 
control and discusses them in the light of our present knowledge. 

Aslandeb (1) reported in 1926 that chlorates would kill plants by ab- 
sorption from the soil, and in 1928 (2) he discussed critically the problem 
of weed control by this method. Meanwhile, however, the use of sodium 
chlorate solution as a spray (11, 16) claimed the attention of weed workers; 
and in the popularity of this method, Aslandeb’s results were apparently 
overlooked. Most workers showed by their recommendations that they 
pictured the toxic action as taking effect through the plant after absorption of 
the chlorate by the leaves. Stickers, spreaders, various pressures, types of 
nozzles, and volume-concentration relationships were studied as they affected 
coverage of the foliage. Control of the hydrogen ion concentration of the 
spray solution, the inclusion of hygroscopic agents, and spraying methods in 
general were considered in attempts to improve the technique and avoid the 
erratic results so often encountered in the field. 

Of twenty-nine publications on the use of chlorates that had appeared 
by the end of 1931, only three (1, 2, 17) emphasized the possibilities of the 
soil-application method. In 1931, Loomis, Bisset, and Smith, pointing out 
the advantages of this method, suggested that the action of sodium chlorate, 
as used in regions of summer rains, resulted largely from root absorption 
of chemical leached into the soil. Since then Muensoheb (20) has pointed 
out the practical nature of the soil method, while Loomis and others (18) 
have given further experimental evidence of its feasibility. 

Meanwhile there had been developed in California a method for treating 
certain deep-rooted perennials with acid arsenical spray (4, 5, 8, 15). Its 
success depends upon translocation of the toxicant within the vascular sys- 
tem of the plant. The question naturally arises, 'will this same mechanism 
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carry chlorate in the plant and, if so, to what extent does it explain the results 
obtained in the common use of chlorates? 

As the writer has recently reported (6), chlorate may be moved through 
plants and may kill the roots to considerable depths as a result of leaf absorp- 
tion and translocation within the xylem. The effects of a given treatment 
are limited by the same factors that govern penetration and root killing 
by the acid arsenical. When conditions are right, any application of chlorate 
solution to the foliage will result in some absorption and downward move- 
ment within the plant. The extent of injury will depend upon how nearly 
the requirements for successful treatment by this method are met. 

Besides these two distinct mechanisms available for use in treating deep- 
rooted weeds, there are several interesting physiological responses by the 
plant to both lethal and sublethal doses of chlorate. The various effects 
that chlorates may have on plants will therefore be listed and discussed. 
Wlierever possible, their relation to weed-control practice will be pointed 
out. 

Physiological action of chlorates 

There are, apparently, four fundamentally different way.s in which 
chlorates may affect plants : 

1. When a chlorate solution is applied to leaves, ions of the salt diffuse 
through the cuticle and come into contact with the protoplasm of living cells 
(18, 6). Although the coefficient of permeability of plant cells to chlorate 
ions is low (23), when they attain a lethal concentration they enter the plant 
cell, causing injury and eventually death. The exact mechanism by which 
this result is accoi^plished is not known. It has been suggested that the 
high oxidizing potential of sodium chlorate (22), the presence of pentavalent 
chlorine (22), and the complete oxidation of respiratory chromogens (12) 
may be involved ; but no experimental evidence has been presented to support 
these ideas. Contrary to popular notion (14, 22, 23, 24, 26), sunlight or 
ultraviolet light is not essential to this process, which will take place in the 
dark (17) ; and open stomata (19) are not necessary, the chemical being 
fully toxic when applied to the ventral surfaces of hypostomatic leaves 
(6, 18). The solutions commonly applied as sprays in no way compare in 
concentration with those generally used in physiological experiments (23). 
They usually become saturated and therefore strongly plasmolytic soon after 
application, a steep gradient in concentration developing across the cuticle 
layers. 

2. When chlorate ions exist in the plant in sublethal concentration, there 
is a typical response, characterized by a chlorotic, stunted condition of any 
growth that occurs, a reduction of the starch reserves (16) , decreased catalase 
activity (21), and increased susceptibility to frost injury (16). These 



CRAFTS : SODIUM CHLORATE IN WEED CONTROL 


701 


symptoms may precede death of the tissues if conditions favor the continued 
uptake and accumulation of chlorate. Where additional chlorate is not 
available, the plant may recover and show no permanent effects. 

3. Under certain limited conditions, a concentrated chlorate solution 
applied to the leaves of plants may penetrate the cuticle, plasmolyze and kill 
the mesophyll tissues, enter the xylem, and be carried down into the roots 
(7). The conditions essential to this action have been discussed in con- 
nection with acid arsenical sprays ( 4 , 6 , 8 , 15) . Experiments to be described 
indicate that the same response may occur with chlorates and will result in a 
rapid, deep killing of the root system. 

4. Chlorates present in solution in the soil may be absorbed by roots, kill- 
ing all parts in which they accumulate to a lethal concentration. 

Although it has been intimated that chlorates may penetrate the leaves 
and be translocated through the phloem (11, 22), this possibility seems rather 
remote in view of the prevailing concepts of phloem tissues (3, 9). Move- 
ment of chlorate through a system so dependent upon the functioning of 
living cells is hard to imagine. 

Under different conditions of treatment the four effects listed may occur 
in almost any combination, singly or together. Rarely in the field are less 
than two concerned ; and often all four may be in evidence during the year. 
Naturally, therefore, results of plot tests have been difficult to interpret, and 
recommendations from different localities have been inconsistent and con- 
fusing. 

Before discussing these four responses of plants to chlorate in greater 
detail, it would be well to consider briefly the inherent differences in plants 
with respect to injury in general and also with respect to injury by 
chlorates. 

Many plants are easily killed. When cut off at the ground level, they 
fail to recover and die with no further treatment. Other plants will resprout 
from the stump or crown, and still others may regenerate from stem, rhizome, 
or root tissue and are eradicated only when all vestiges of the root are killed 
or removed from a suitable environment. In treating a variety of plants with 
a toxic substance like chlorate, one is sure to find differences in the degree of 
control ; and unless he has previously determined their response to mechanical 
injury he cannot accurately interpret his results. 

Furthermore, plants vary widely in their susceptibility to injury by 
chlorates. Although this fact has been pointed out many times (6, 10, 13, 
28, 29), it will bear repeating because it is a striking phenomenon, vitally- 
involved in the determination of dosages. Until one has determined in an 
empirical way the susceptibility of a particular species, he cannot well pre- 
scribe the dosage necessary for its control in the field. 
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Killing of plant tissue by chlorate 
It has been pointed out that whenever chlorate ions come in contact with 
plant cells in sufficient concentration, the tissue is killed. Though the 
mechanics of this killing process form an interesting field for speculation, 
the critical point, so far as weed control is concerned, is that only the 
presence of chlorate in lethal concentration is necessary for the death of the 
cells. Our principal problem is distribution of the toxicant. For the 
desired results, it must come into contact with the vital tissues. 

Obviously, therefore, the technique of application must be related to the 
plant concerned. If the plant is easily killed, a thorough spraying of the 
foliage is sufficient. If it reeprouts weakly, spraying of the regrowth may 
effect a kill. On the other hand, if the plant regenerates strongly from the 
roots, killing of the tops is a small part of the problem, and spraying is 
effective only as it may lead to leaf absorption and rapid killing by xylem 
transport as described in (3), page 701, or as it distributes the chemical for 
leaching and absorption from the soil. Apparently the killing of the cells by 
chlorate is largely independent of the environment and is a matter only of 
concentration and cell activity. 

Physiological responses of plant cells to chlorate 
The effects of chlorate upon plants have considerable interest for workers 
in plant physiology. Concentrations in the tissues near or below the lethal 
point cause reactions that are apparently peculiar to chlorate alone. Lat- 
SHAW and Zahnley (16) pointed out the great reduction in starch reserves 
of roots after chlorate treatments. The writer has observed the same phe- 
nomenon not only in sprayed plants but in those which have absorbed 
chlorate from the soil. It has been seen in stems of plants containing a 
sublethal concentration and is undoubtedly present in all tops showing the 
stunted chlorotic growth that commonly follows dusting with Atlacide, or 
soil applications. Lowered catalase activity (21) and susceptibility to 
frost injury (16) accompany this condition; and, taken together, these 
responses indicate a lowered vitality in the presence of chlorate ions. 

As has been mentioned, when conditions favor continued absorption of 
chlorate, this condition of lowered vitality is accentuated, so that the tissues 
finally die. With lowering chlorate concentration, however, they may re- 
cover and show no permanent injury. From the standpoint of weed control 
this response of plants to chlorates is of minor importance, being useful only 
as an indicator of the presence of the chemical. 

Killing of plants with chlorate following leaf absorption and 
transport to the roots through the xylem 
Having already been described, the action of this mechanism (4, 6, 8, 16) 
requires no further comment. That it will respond to chlorate sprays has 
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been demonstrated (6). Its possibilities in weed control, however, are of 
interest; and its relation to results obtained by present methods warrants 
comment. 

Loomis and others (18) have shown that chlorate ions will enter and 
move through the xylem of plants. Their results are not surprising, for any 
solution of molecularly dissolved substance that does not undergo chemical 
change within the xylem will displace the xylem sap and follow the tran- 
spiration stream wherever the gradients in pressure may cause it to flow. 
The critical point is, will chlorates kill the leaf cells and, rendering them 
permeable, penetrate the xylem and be carried deep into the roots, causing 
their death? Recent developments (4) indicate that this method has prac- 
tical possibilities, after all, and that chlorates might find a logical use in 
certain cases. 

Although some evidence has been presented previously (6) and although 
this paper does not aim primarily to submit extended experimental results, 
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the data on a few trials will be given to show the nature, possibilities, and 
limits of this method. 

Table I presents the results of spraying a series of plots with sodium 
chlorate solutions in August, 1931. These applications were made during a 
period when the daytime temperatures reached 100° F. Though tempera- 
tures were somewhat lower toward evening, the relative humidity was low, 
and all sprays applied before sundown dried very rapidly on the leaves. 
The plots were in a young orchard that had been irrigated and disked late 
in June. A dense growth of morning-glory had matured and had lowered 
the soil moisture to a point approaching the permanent wilting percentage at 
the time the sprays were applied. Each plot was approximately 1 square 
rod in area, and the chemical was applied in 3 gallons of water. The foliage 
on all plots was killed within 48 hours. 

As no rain fell between August 20 and October 8, 1931, the results at the 
latter date represent the action of chlorate on and through the plants. The 
plants on the plots showing low percentages of resprouting were killed to a 
depth of 3 feet or more. Glancing over the data, one observes that the more 
concentrated sprays were the more effective, that delaying the application 
until after sundown materially improved the results, and that sulphuric 
acid markedly increased the efScieney of the method. 

Table II presents the results of some plot tests with sodium chlorate 
applied on September 28, 1931. Plots 4 to 6 and 10 to 12 in this series 
had been recently irrigated. The temperature at this date was lower and 
the relative humidity higher, so that penetration during the day was con- 
siderably better than in August. These results again show the effects of 
concentration of the solution and the value of adding acid to increase the 
rate of penetration. In addition they show the effect of soil moisture upon 
the action of the mechanism. Even though transpiration was high at this 
season, the plants in the moist soil did not have the high water deficit of 
the others, and distribution of the toxicant in the roots was less complete. 

These experimental results are typical of a good many obtained during 
the work with chlorates. They indicate that this method has certain possi- 
bilities in areas where the plants deplete soil moisture rather thoroughly. 
In regions of frequent summer rains it would have no value. 

In considering the practical possibilities of this method, one must note 
several points. First, it would probably never be more effective than the 
acid arsenical, and the chemicals will necessarily cost from three to five 
times as much. Second, the acid cannot be applied along with the chlorate, 
for the combination forms a strong oxidizing mixture that will ruin any 
machinery; it would have to be applied as a separate spray following the 
chlorate application. Finally, applications under the proper conditions 
wotild involve the fire hazards attending the use of chlorates. 
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On the other hand, with due caution this method might be used in 
pasture areas where the acid arsenical would present a poison hazard. 
Also, where conditions are optimum for this type of spray, the experimental 
results indicate that the chlorate dosage may be materially reduced. 
Furthermore, the application of sulphuric acid in a dosage providing a 
weight of the concentrated acid equal to that of the sodium chlorate will 
liberate chloric acid and reduce the chlorate ions reaching the soil so that 
little or no residual effect will be found. Sulphuric acid is best applied 
in a concentration of about 5 per cent, by weight or approximately one 
normal. Even this is corrosive to machinery and requires special acid- 
resistant equipment. Such equipment is available for using sulphuric acid 
as a spray on mustard in cereals. 

Killing op plants with chlobates by absobption pbom the soil 

It is apparent that treatment of deep-rooted weeds through the soil is. 
a logical method. The regenerative organs themselves are directly affected 
by the chemical ; with proper dosage and distribution there is little possi- 
bility of failure. The method is not subject to those diverse and diflScultly 
controlled factors to which the foliar organs are exposed. 

In the problem of dosage, species susceptibility and the effect of soil 
type on chlorate concentration are vital factors. The problem of species 
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susceptibility has been mentioned. Variations are extremely wide. Timson 
( 25) describes a parasitic plant called ‘‘witch weed” that requires a maxi- 
mum of only 80 gallons of spray containing 12 pounds of sodium chlorate 
per acre for control of a solid infestation. At the other extreme, chlorates 
have often been applied to hoary cress and other of the less susceptible 
species at rates of 6 and 8 pounds per square rod with only partial kills. 
Though these latter results may be due in part to improper methods, more 
susceptible species treated under identical conditions are often completely 
eradicated. 

At present the only hope for determining the dosage to use on a par- 
ticular species in the field is an empirical test under local conditions. 
Though the operator may be guided somewhat by results described in the 
literature, soil and climatic factors so affect the growth of plants that local 
experience is usually required. 

The influence of soil type upon chlorate toxicity, having been introduced 
in another place (7), will be only touched upon here. Though toxicities 
may vary as widely as five times between soils of different types (7), no 
generalization can be offered now that will aid in their determination. 
Again empirical testing is indicated as the most promising method for study- 
ing this effect. It seems at present that, within a soil series, toxicity will 
run higher in the coarser grades. Among series, recent alluvial soils exhibit 
the lowest toxicity ; old weathered soils the highest. Much more work is re- 
quired, however, before these statements can be proved. The results of such 
testing at this station will appear as the work is continued. 

The fixing of chlorate in a form available to plants is another soil prop- 
erty to be considered. As experiments have shown (7), certain soils are 
able to hold chlorates so that they do not move freely in the soil solution. 
In general the soils showing the lowest toxicity have the strongest fixing 
power, and in these the proper vertical distribution of chlorate within the 
soil is a problem. Under the conditions at Davis, morning-glory must be 
kUled to a depth of at least 4 feet or it will resprout and survive. A lethal 
concentration of chlorate, therefore, must be provided throughout the top 
4 feet of soil if the treatment is to be a success. In a Yolo silt loam, leach- 
ing experiments showed (6) that about 6 inches of water were required 
when the chlorate was applied to moist plots, and from 8 to 12 inches when 
dry plots were treated. In a heavier soil these requirements might well be 
doubled. Where the moisture came as rainfall with opportunity for evaiM)- 
ration between storms, even more water would be needed. This one factor 
probably explains many of the failures attending the use of chlorates in the 
arid regions of the west. 

Soil moisture enters the problem again in the matter of chlorate decom- 
position. Where rains keep the soil wet during the hot summer season. 
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residual effects from chlorate treatments are of little importance. Where 
the top soil dries out during the summer, chlorate remains intact and ms 7 
persist for three years (6) or more. Under these conditions leaching with 
irrigation water is the easiest method for ridding the land of chlorate (6^ 7). 
Where irrigation is not available, chlorates should be used with considerable 
discretion on heavy soils. 

The proper season for chlorate application has been much debated. 
Many publications recommend the blossoming stage of the plants, which 
usually occurs in early summer. Sometimes the same recommoidation will 
state that the plants should be mature or fully mature for successful treat- 
ment. In central California morning-glory comes into blossom in April 
and May. On unirrigated land it reaches maturity, as denoted by ripening 
of seed and cessation of terminal growth, in June and July. On irrigated 
land it may not mature until October. Obviously, therefore, these recom- 
mendations cannot be followed in any one treatment. 

Hulbebt, Bristol, and Benjamin found in Idaho (13) that treatments 
from May to August were equally effective by the following summer. Wil- 
lard (27) , and Sampson and Parker (24) treated successfully during the 
spring; Aslandeb (1, 2), Muenscheb (20), and the writer (6) have had 
excellent results from winter treatments. Stage of growth therefore would 
appear to have little effect in this response. Careful analysis, however, indi- 
cates that this is not altogether true. Loomis and others state . . . sodium 
chlorate dissolved in the soil water readily penetrates and kills the roots and 
rhizomes of either active or dormant plants” (18). Although this is un- 
doubtedly true, absorption of chlorate by dormant roots is apparently 
slower than by active ones. The writer has noted many cases where plants 
have survived fall and winter applications only to weaken and die in the 
early summer. Spring and early summer treatments through the soil have 
been generally more successful than summer and fall applications except 
as the latter have provided a lethal concentration in the soil for absorption 
during the following spring. Midsummer applications have given the great- 
est success only in regions of summer rainfall where the chlorate is very 
soon made available for absorption through the roots. 

The plant root goes through three definite stages during the year. In 
the spring and early summer it is in a vegetative state characterized by 
rapidity of growth, absorption of water and mineral nutrients, and deple- 
tion of organic food reserves. During the summer and fall it replenishes 
its food reserves ; growth and absorption become slower. During the winter, 
growth and absorption are at a minimum, and organic foods are only slowly 
changed. From the standpoint of its physiology, the root should be most 
susceptible to chlorate injury during its vegetative stage in the spring. The 
discussion just presented indicates that this is probably true. 
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At least two important factors are involved in this increased suscepti- 
bility during the spring. Rapid absorption of water and mineral nutrients 
by the roots should favor absorption and accumulation of chlorate within 
the plant, and the low level of food reserves should make the roots vulnera- 
ble. On the other hand, the gradual killing of plants in the spring follow- 
ing fall and winter applications takes place generally where a given dosage 
has been leached to a considerable depth and the actual chlorate concentra- 
tion at any point is low. AVith the depletion of soil moisture, the chlorate 
concentration increases generally throughout the soil mass. In addition, 
because of the water moving into the plant roots and the selective rejection 
of chlorate resulting from the low coefficient of permeability of protoplasm 
for these ions, the chemical must concentrate at the surface of the root. As 
the ions concentrate to the lethal point the roots become injured, increasing 
in permeability, and then chlorate enters the plant in much greater amounts 
than before. The result is the complete breakdown and death so often 
noted as the soil moisture runs low. The effective concentration at the ab- 
sorbing surfaces must be much higher than if the soil moisture were main- 
tained by irrigation or rainfall. That this factor of concentration within 
the soil is important is indicated by the number of recommendations that 
warn against irrigating after chlorate applications. The writer has used 
irrigation water (6) for attaining a vertical distribution of chlorate in the 
soil with considerable success. Apparently it is harmful only where it 
maintains a high moisture content that effectively dilutes the chlorate, or 
where it leaches the chlorate beyond the region of absorbing roots. 

Discussion and summary 

Chlorate, as a plant poison, seems to have unique properties. It acts 
slowly (18) compared with the heavy metals, seeming to enter the plant in 
low concentration, and gradually accumulates if the source of supply is 
maintained. Though arsenic, when present in the soil, affects principally 
the absorbing organs and has little primary effect upon the tops, chlorate 
apparently affects the whole plant at the same time and in essentially the 
same way. Seedlings that have germinated in soils containing large amounts 
of arsenic are often found to have their roots so injured that water is ab- 
sorbed through dead tissues as through a wick. Plants in soils containing 
chlorates in just as injurious quantities have strong root systems. Here the 
plants may exhibit considerable growth and then dry up and die completely. 
Very high concentrations of chlorate in the soil will kill roots just as does 
arsenic. 

The writer is reminded of some early experiments with arsenic and 
chlorates on morning-glory shoots. Excised shoots placed in dilute solu- 
tions of these two chemicals react characteristically. The young tender tips 
of the shoots in arsenic solutions turn black and droop within 16 hours, and 
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the older leaves die later. With the chlorate-treated shoots, the older leaves 
die first ; the tips turn chlorotic but do not die, and many actually grow for 
several days, elongating to the extent of 10 to 20 centimeters. Apparently, 
arsenic is primarily a protoplasm poison and kills as it goes, entering young 
and old tissues alike. Though chlorate will also kill by contact when pres- 
ent in high concentrations, it seems to enter the plant more slowly when ab- 
sorbed from the soil or when applied in solutions of low concentration and 
allowed to act by accumulation in the tissues. The plant dies under these 
circumstances, not because the protoplasm has been killed by direct reaction 
with the toxicant, but rather because this material so disturbs the metabolic 
processes that the plant can no longer function normally. The symptoms 
are systemic in nature, and apparently assimilation and utilization of foods 
as well as other vital functions are affected. 

The discussion presented shows that there can be no universally success- 
ful method for using chlorates. With the extreme variations in suscepti- 
bility of species and the number of factors affecting toxicity and absorption, 
methods must be adapted to the conditions of the treatment, the operator 
taking every possible advantage of the situation at hand. Though summer 
rains provide an ideal means for distributing the chemical in the soil, insur- 
ing the success of spring and summer applications in the humid regions, 
other methods must be used in the more arid parts of the west. Directions 
provided by chemical companies and experiment stations for the use of 
chlorates should be adapted to the locality in which the chemical is to be 
used. 

The successful use of chlorate is obviously more difficult in arid regions. 
In California, three methods have been proposed (6) : (1) fall spraying 
where rapid absorption and root killing are followed by leaching and ab- 
sorption from the soil; (2) a straight soil treatment during the winter; (3) 
spring soil treatment followed by proper irrigation. All three methods, 
however, are subject to differences in growth conditions and soil type, and 
the first two depend upon rainfall. They must be used, therefore, with 
utmost care. 

All soil applications should aim to provide a toxic concentration of 
chlorate throughout a proper depth of soil for absorption during the spring 
vegetative season. Plants left undisturbed in such soils accumulate chlo- 
rate as the moisture decreases and grow weaker with the advancing season. 
Hoeing or weed cutting will eliminate the few plants that struggle along 
and sometimes survive this treatment (6) . This should not be done, how- 
ever, until the plants are severely affected. At least one complete season 
must be allowed for success by the chlorate method, and provision must be 
made for destroying such seedlings as appear in succeeding years. 

UNivERsiry OP Calxpobkia 
Davis, Oalifornia 



710 


PLANT PHYSIOLOOT 


LITEBATURE CITED 

1. Ablander, Alfred. Chlorates as plant poisons. Jour. Amer. Soc. 

Agron. 18: 1101-1102. 1926. 

2. . Experiments on the eradication of Canada thistle, 

Cirsium arvense, with chlorates and other herbicides. Jour. Agr. 
Res. 36: 915-934. 1928. 

3. Cbaftb, a. S. Sieve-tube structure and translocation in the potato. 

Plant Physiol. 8 : 81-104. 1933. 

4 . . The use of arsenical compounds in the control of deep- 

rooted perennial weeds. Hilgardia 7 : 361-372. 1933. 

5. . Sulfuric acid as a penetrating agent in arsenical sprays 

for weed control. Hilgardia 8 : 125-147. 1933. 

6. . Factors influencing the effectiveness of sodium chlorate 

as a herbicide. Hilgardia 9 : 437-457. 1935. 

7. . The toxicity of sodium arsenite and sodium chlorate in 

four California soils. Hilgardia 9 : 461-498. 1935. 

8. , and Kennedy, P. B. The physiology of Convolvulus 

arvensis (morning-glory or bindweed) in relation to its control by 
chemical sprays. Plant Physiol. 6 : 329-344. 1930. 

9. Curtis, 0. P. Studies on solute translocation in plants. Experiments 

indicating that translocation is dependent on the activity of living 
cells. Amer. Jour. Bot. 16: 154-168. 1929. 

10. Fbon, M., and Bertrand, R. Contribution a 1 ’etudes de 1 ’influence 

des chlorates sur la vegetation. Ann. Agron. 4 : 1-25. 1934. 

11. Hansen, A. A. Eradicating quack grass with sodium chlorate. Jour. 

Amer. Soc. Agron. 20 : 1120-1123. 1928. 

12. Harvey, R. B. The action of toxic agents used in the eradication of 

noxious plants. Jour. Amer. Soc. Agron. 23 : 481-489. 1931. 

13. Hulbert, H. W., Bristol, R. S., and Benjamin, L. V. Methods affect- 

ing the efficiency of chlorate weed killers. Idaho Agr. Exp. Sta. 
Bull. 189. 1931. 

14. Johnson, Ethelbert. Recent developments in the use of herbicides 

in California. California Dept. Agr. Monthly Bull. 17: 7-16. 
1928. 

15. Kennedy, P. B., and Crafts, A. S. The application of physiological 

methods to weed control. Plant Physiol. 2 : 503-506. 1927. 

16. Latbhaw, W. L., and Zahnley, J. W. Experiments with sodium chlo- 

rate and other chemicals as herbicides for field bindweed. Jour. 
Agr. Res. 86: 757-767. 1927. 

17. Loomis, W. E., Bissey, Russell, and Smith, E. V. Chlorates as herbi- 

cides. Science n.s. 74 ; 485. 1931. 



CBAFTS ; SOOmil CHLORAtS IN WRED CONTROL 


711 


18 . ^ Smith, E. V., Bisset, Russell, and Arnold, L. E. The 

absorption and movement of sodium chlorate when used as an 
herbicide. Jour. Amer. Soc. Agron. 25 : 724-739. 1933. 

19. Meadlt, Q. R. W. Chemical weed killers. Jour. Dept. Agr. West 

Australia 10 : 481-487. 1933. 

20. Mubnschbr, W. C. Killing perennial weeds with chlorates during 

winter. Cornell Univ. Agr. Exp. Sta. Bull. 542. 1932. 

21. Neller, J. R. Effect of chlorates upon the catalase activity of the 

roots of bindweed. Jour. Agr. Res. 43 : 183-189. 1931. 

22. Opford, H. R. The chemical eradication of Bibes. TJ. S. Dept. Agr. 

Tech. BuU. 240. 1931. 

23. , and d’Urbal, R. P. Toxic action of aqueous sodium 

chlorate on Nitella. Jour. Agr. Res. 43 : 791-810. 1931. 

24. Sampson, A. W., and Parker, K. W. St. Johnswort on range lands of 

California. California Agr. Exp. Sta. Bull. 503. 1930. 

25. Timson, S. D. Witch weed control. Rhodesia Agr. Jour. 30: 14r-25. 

1933. 

26. Vigor, S. H. Chemical weed killers. Sci. Agr. 9 : 587-593. 1929. 

27. Willard, C. J. Killing weeds with chlorates. Ohio Agr. Exp. Sta. 

Ext. Leaflet. 1930. 

28. Yamasaki, M. On the variation of rice varieties in the resistance to 

the toxic action of potassium chlorate, and its practical signifi- 
cance. Jour. Imp. Agr. Exp. Sta. Tokyo 1: 1-24. 1929. (Sum- 
mary in English.) 

29. , The variation and correlation among varieties of wheat 

and barley in regard to the resistance to the toxic action of potas- 
sium chlorate. Jour. Imp. Agr. Exp. Sta. Tokyo 1: 139-162. 
1929, (Summary in English.) 




PHYSICAL AND CHEMICAL PROPERTIES OP THE SOLUBLE 
POLYSACCHARIDES IN SWEET CORN 

M. W. Pakkeb 
(with one figure) 

Introduction 

The endosperm of sweet corn, in contrast to that of most varieties of 
maize, contains a relatively high percentage of soluble polysaccharides, but 
very little is known concerning their physical and chemical properties. On 
the basis of the iodine color alone, Culpepper and Magoon (8) concluded 
that these water soluble polysaccharides are composed of both dextrins and 
soluble starch. 

This investigation deals with the isolation and purification of the water 
soluble polysaccharides from green and mature Hopeland sweet com kernels, 
and with their physical and chemical properties. These properties were 
compared with those of alpha and beta amylose from mature Hopeland 
sweet corn starch. The chief purpose of this comparison was to determine 
whether the soluble polysaccharides are true dextrins produced by starch 
hydrolysis or whether they are synthesized amyloses that have not been 
organized into starch grains. 


Investigation 

Extraction and i*urification op soluble polysaccharides 
The green sweet com was prepared for extraction of the soluble poly- 
saccharides by splitting the kernels and scraping out the contents. The air 
dry mature corn was firat soaked in 20 per cent, alcohol and the softened 
kernels were then ground through a Nixtamal mill. Enzymatic action was 
checked during the extraction by 1 x 10“'* N iodine (18). 

These polysaccharides are soluble in water and in alcohol up to 30 per 
cent, by volume and are precipitated by alcohol above this concentration. 
Therefore 20 per cent, alcohol was used as the solvent during extraction and 
purification. Samples of the corn pulp were extracted twice with cold 20 
per cent, alcohol. The first extraction was made soon after adding the 
alcohol while the second was made after shaking for one hour. The extracts 
were separated from the pulp by means of several thicknesses of cheesecloth. 
These extracts contained the soluble polysaccharides, starch, and various 
other substances. The starch was removed from the extracts by centri- 
fuging and filtering. The soluble polysaccharides were then precipitated 
from the filtrate by increasing the alcoholic concentration to 60 per cent, 
by volume. The 60 per cent, alcohol was removed and the material was re- 
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dissolved in 20 per cent, alcohol. This solution was centrifuged and filtered 
in order to remove impurities. The process of dissolving in 20 per cent, 
alcohol and reprecipitating in 60 per cent, alcohol was repeated until no 
residue was deposited on centrifuging the 20 per cent, alcoholic solution and 
qualitative tests for proteins in the wash alcohol were negative. Final puri- 
fication of the soluble polysaccharides was effected by dissolving in water, 
filtering, and subjecting the filtrate to electrodialysis. The apparatus (fig. 
1) employed for electrodialysis is a modified form of the chamber used by 



Fio. 1. Electrodialysis apparatus; A, improved negstive electrode chamber; S, 
negative electrode chamber used until 1932; C, siphon for dialysis chamber; D, mercury 
connections for electrode; E, siphon for electrode chamber; E, dialysis chamber; Q, positive 
electrode chamber; JET, platinum electrodes; I, collodion membranes. 

Taylob and Iddles (23). The electrode chamber which was used for the 
purification of the samples taken in 1930 and 1931 is shown in figure 1 B; 
the electrode chamber which was adopted in 1932 is shown in figure 1 A. 
The new electrode chamber has a much larger membrane surface and allows 
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a larger volume of water to surround the electrode. This improvement 
hastened the separation and purification of the materials investigated. The 
membranes of the electrode chambers were of collodion supported on cheese- 
cloth and were of such thickness that they allowed the free passage of in- 
organic ions while retaining the polysaccharides. A current of 250 volts 
d.c. was passed through the solutions until they were free of unbound in- 
organic ions. This point was detected by the conductivity of the water in 
the electrode chambers. The water in these chambers was changed fre- 
quently during the first 24 hours of a run ; from then on once a day was 
sufficient. 

The water soluble polysaccharides were divided into two major frac- 
tions by electrodialysis. One fraction migrated to the positive electrode 
and was deposited as a gelatinous mass around the positive membrane while 
the other fraction always remained in suspension during eleetrodialysis. 
These fractious were tentatively named alpha and beta respectively. The 
purification of the alpha and beta fractions of the soluble polysaccharides 
was readily effected by siphoning the supernatant beta fraction from the 
cliamber. Water was again added to the alpha fraction and eleetrodialysis 
was continued until a clear separation had occurred. This process was 
repeated until the water above the alpha fraction was free of the beta frac- 
tion, as evidenced by no precipitate in 60 per cent, alcohol and no coloration 
with iodine. The purified alpha and beta fractions were precipitated in 70 
per cent, alcohol, washed in absolute alcohol, and dried in a vacuum over 
sulphuric acid at room temperature. Although the beta fraction always 
remained in suspension during eleetrodialysis, a portion of it migrated 
toward the positive electrode. The properties of this portion were identical 
with those of the non-migrating portion. 

Separatiox and purification of alpha and beta amylose from starch 

The starch from air dry mature sweet corn which had been separated 
from the soluble polysaccharides by centrifuging was purified by washing in 
20 and 80 per cent, alcohol. The starch was washed and centrifuged eleven 
times in 80 per cent, alcohol before it was considered pure. 

It is well known that the starch grains must be completely ruptured be- 
fore a separation of alpha and beta amylose can be made. In order to avoid 
the possibility of any change in the beta amylose arising from the use of 
chemical agents, the method of mechanical rupture as reported by AiiSBERO 
and Perry (1) and Taylor and Beckmann (22) was adopted. This method 
gave complete rupture of the starch grains after grinding in a ball mill for 
one week, as evidenced by the disappearance of the typical black cross on 
the starch grains when viewed between crossed Nicol prisms. 
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An 8 per cent, suspension of ground starch in water was subjected to 
electrodialysis. The alpha amylose migrated to the anode and the clear 
supernatant beta amylose was siphoned off and precipitated in 75 per cent, 
alcohol, washed in absolute alcohol, and dried in a vacuum at room tempera- 
ture. The alpha amylose was repeatedly resuspended in water and electro- 
dialized until free of beta amylose. This required 59 washings. The alpha 
amylose was then frozen and the frozen mass allowed to thaw as it was 
filtered in a Buchner funnel. Drying was completed in a vacuum desiccator 
over sulphuric acid at room temperature. 

Physical and ciiemjcal methods 

Color with iodine. — The iodine coloration of a solution was determined 
by adding 10 drops of N/lOO iodine potassium iodide to 10 ml. of a 1 per 
cent, solution. 

Viscosity. — The relative viscosity ivas determined with an Ostwald visco- 
simeter. The measurements were made on 5 ml. of a 1 per cent, solution 
at 25° C. ±: 0.03. All of the determinations were made immediately after 
preparing the solutions. Each value for relative viscosity is the average 
of at least two samples and each sample was run through the viscosimeter 
ten times. 

Optical rotation. — A Schmidt and Haensch half-shadow saccharimeter 
was used to determine the optical rotation. The readings were obtained in 
Ventzke degrees which were converted to angular rotation by the factor 
0.34657. It was necessary to use dilute solutions of the beta soluble poly- 
saccharide preparations because of their opalescence. In determining the 
optical rotation of samples which had been hydrolyzed, the original weight 
of the sample was used to calculate the specific rotation. The specific rota- 
tions reported for the unhydrolyzed samples are the average of two samples, 
and five to six readings were made on each sample. The specific rotations 
for the hydrolyzed materials are from one sample, on which five to six 
readings were made. 

Electrical conductivity. — The apparatus employed for these deter- 
minations consisted of the usual equipment for such measurements and was 
set up as shown by Getman (9). A Leeds and Northrup student’s poten- 
tiometer was used as a Wheatstone bridge. The determinations were made 
on 1 per cent, solutions at 25° C. dtz 0.03. Each conductivity reported is the 
average of two samples. The conductivity of each sample was determined 
nine or more times with the fixed resistance at three different points. 

Flocculation by salts.— The samples of 10 ml. of 2 per cent, solutions 
were treated with half saturated ammonium sulphate, basic lead acetate, and 
0.1 N iodine potassium iodide. 
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Ash. — The materials were ashed in platinum crucibles at dull redness in 
a muffle furnace. The ashings were continued until the crucibles were con- 
stant in weight after 30-minute heating intervals. 

Phosphorus. — ^All of the ashings for the phosphorus determinations 
were made by the wet ashing method following the procedure recommended 
by ZiNEADZE ( 26 ). The ashings were performed on an electric sand bath at 
165®-170® C., since Roe, Irish, and Boyd ( 20 ) have shown that phosphoric 
acid is volatized above 200® C. The colorimetric method employed for the 
beta fractions is that of Bell and Doisy (5) as modified by Brioqs (6) and 
improved by Roe, Irish, and Boyd ( 20 ). The procedure for this determi- 
nation has been reported by Cockepair (7). The standards were prepared 
from potassium dihydrogen phosphate simultaneously with the unknown 
solutions. Since Roe, Irish, and Boyd ( 20 ) have shown that the acidity 
has a marked influence on the color produced, it was necessary to add 1 ml. 
of concentrated sulphuric acid to the standards in order to make the acidity 
the same as that of the unknown solutions. The solutions were matched 
with a Bausch and Lomb Duboscq colorimeter, using 50 mm. cups. 

The volumetric method employed for the alpha fractions is essentially 
that of Pemberton (19) as reported by Mathews (16). The ammonium 
phospho-molybdate was washed with w^ater until free of acid, and then dis- 
solved in N/10 sodium hydroxide. This solution was titrated with N/IO 
sulphuric acid. 

Fatty acids before and after hydrolysis. — ^The samples w^hich had 
been dried at 80® C. under 3 to 4 cm. pressure w^ere extracted in a Bailey- 
Walker ( 2 ) extraction apparatus for 24 hours with redistilled anhydrous 
ethyl ether. The extract was evaporated and dried at 80® under 3 to 4 cm. 
pressure. Any residue remaining after correcting for the blank determina- 
tion was considered unbound or extraneous fatty material. 

The extracted samples were hydrolyzed according to the method of 
Taylor and Nelson ( 24 ) and filtered through fat-free filter paper. The 
residues w^ere washed free of acid, and after drying the filters and the resi- 
dues at 50® C., they w^ere extracted with anhydrous ethyl ether. The weight 
of the ether extract was determined in the manner previously described. 

Reduction of Pehling ’s solution before and after hydrolysis. — ^T he 
reducing power of 50 ml. of 1 per cent, solutions w^as determined hy the 
Munson and Walker gravimetric procedure (17). The reducing powder of 
samples which had been hydrolyzed for 2.5 hours wdth 2.5 per cent, sul- 
phuric acid was also determined by this method. The percentage of glucose 
formed on hydrolysis was calculated by using the factor 0.9, which allows 
for the increase in weight on hydrolysis. 

Melting point of osazones. — Samples which had been hydrolyzed were 
neutralized and treated with phenyl-hydrazine hydrochloride and sodium 
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acetate in a boiling water bath for 1 hour. The resulting osazones were 
recrystallized and their melting point determined by the capillary tube 
method. All of the melting points were corrected according to the formula 
of Kopp ( 11 ). The melting points reported are the averages of two or 
three determinations. 

Nitrogen.— The nitrogen determinations were made by the usual Gun- 
ning method ( 17 ). Distillation was made into 0.1 N sulphuric acid and the 
excess acid was titrated with 0.1 N sodium hydroxide using the combination 
methylene blue-methyl red indicator (10). 

Results 

Properties of beta fraction of soluble polysaccharides prepared 
FROM sweet corn IN DIFFERENT YEARS 

The beta fraction constitutes from 78 to 80 per cent, of the water soluble 
polysaccharides in sweet corn at the milk stage. The properties of this 
fraction of the soluble polysaccharides prepared from two different crops 
of sweet corn in the milk stage were practically identical. Both prepara- 


TABLE I 

Physical properties or beta peaction or soluble polysaccharidbs prepared from 

TWO CROPS or SWEET COUJU IN THE MILK STAGE 


Year 

ReIaATIVE 

VISCOSITY 

AT 

C. ± 0.03 

Specific con- 
ductivity AT 
25^ 0. ±: 0.03 
xl0-« 

Specific 

BOTA'nON 

AT 25^^ C. 

1 Specific 

1 ROTATION OF 

hydrolyzed 

SAMPLES 

AT 25® C. 

1930 

1.0715 

9.40 

195.8 

56.3 

1931 

1.0750 

3.39 

195.2 

58.7 


TABLE II 

Chemical properties of beta fraction of soluble polysaccharides prepared from 

TWO CROPS OF SWEET CORN IN THE MILK STAGE 


Year 

PA 

Conversion 
to glucose 

ON hydrolysis 

Melting 
point or 
OSAZONES 
from 

HYDROLYZED 

SAMPLES 

Total 

nitrogen* 


% ! 

% 


% 

1930 

0.0079 * 

95.22 

208.8 

0.06 

1931 

0.0013 

97.96 

205.9 

0.01 


♦ Single determination. 
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tions were white amorphous powders which were exceedingly hygroscopic. 
They were not flocculated by basic lead acetate, half saturated ammonium 
sulphate, or iodine potassium iodide. Neither of the beta preparations con- 
tained any weighable ash or any fatty material. Both preparations were 
non-reducing and exhibited the same purplish violet iodine color. The re- 
sults of other physical and chemical measurements on these two prepara- 
tions are shown in tables I and TI. The material prepared in 1930 had a 
liigher conductivity than the material prepared in 1931. This may be due 
to the fact that the 1930 preparation had more bound phosphorus and also 
more nitrogen. The nitrogen is probably due to impurities which had not 
been completely removed from the 1930 preparations. 

Comparison of properties op beta fraction of soluble poly- 

SACCITARIDES WITH THOSE OF BETA AMYLOSE PREPARED 
PROM MATURE SWEET CORN STARCH 

Preparations of the beta fraction of the soluble polysaccharides from 
corn in three stages of ripening were compared with one another and with 
beta amylose from mature sweet corn starch. The solutions of beta frac- 
tions of soluble polysaccharides were very opalescent and the iodine color 
was purplish violet, while the beta amylose solutions were water-clear and 
gave a pure blue iodine color. There was no ash or bound fatty material 
in any of the beta fractions or in beta amylose. The materials compared 
did not reduce Pehling^s solution and they were not flocculated b}" half- 
saturated ammonium sulphate, basic lead acetate, or iodine potassium iodide. 
On the addition of a small amount of an electrolyte to the solutions, the 
beta amylose was flocculated by iodine potassium iodide as reported by 


TABLE III 

Comparison op physical properties op beta fraction op soluble polysaccharides and 

BETA AMYIiOSB PROM SWEET CORN STARCH 


Material 

Relative 

VISCOSITY 

AT 

25® C. ± 0.03 

Specific con- 
ductivity AT 
25® C. ± 0.03 
xl0-« 

Specific 

ROTATION 

AT 25® C. j 

] 

Specific ro- 
tation OF 
HYDROLYZED 
SAMPLES 

AT 25® C. 

Beta fraction of solu- 
ble polysaccharides 





Milk stage 

1.0750 

3.39 

195.2 

58.7 

Dough stage 

1.0723 

3.35 

195.8 

55.2 

Mature stage . .. . 

1.0850 

6.40 

195.8 

54.5 

Beta amylose 

1.1690 

15.10 

214.0 

60.6 
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Baldwin ( 4 ), but the beta fraction of the soluble polysaccharides was not 
aifected by this treatment. The results of further studies of the physical 
and chemical properties of these preparations are tabulated in tables III 
and IV. The viscosities, conductivities, and specific rotations of the beta 


TABLE IV 

COMPABISON OP CHEMICAL PROPERTIES OP BETA FRACTION OP SOLUBLE POLYSACCHARIDES AND 
BETA AMTLOSE PROM SWEET CORN STARCH 


Material 

p=o. 

Conversion to 
glucose on 

HYDROLYSIS 

Melting point 
OF OSAZONES 
FROM HYDRO- 
LYZED SAMPLES 

Total 

NITROGEN 

Beta fraction of solu- 
ble polysaccharides 

% 

1 

% 


% 

Milk stage 

0.0013 

97.96 

205.9 

0.01* 

Dough stage 

0.0000 

98.37 

204.6 

0.07* 

Mature stage 

0.0045 

94.50 

210.6 

0.05* 

Beta amylose 

0.0042 

92.88 

209.4 

0.006 


* Single determination. 


fraction of the soluble polysaccharide preparations are less than those of 
beta amylose. The phosphorus content of the beta fraction from the mature 
stage and beta amylose is the same, and from the specific rotation of hydro- 
lyzed samples and the melting point of osazones it is evident that the beta 
fraction of the soluble polysaccharides is converted to glucose on hydrolysis, 
as is beta amylose. 

COMPAKISON OF PROPERTIES OF ALPHA FRACTION OF SOLUBLE 
POLYSACCHARIDES AND ALPHA AMYLOSE 

The water soluble polysaccharides from the milk, dough, and mature 
stages contained approximately 22, 26, and 45 per cent, of the alpha frac- 
tion respectively, while the percentage of alpha amylose in the starch w^as 
approximately 14 per cent. 

The properties of the alpha fraction and alpha amylose which have been 
compared are shown in tables V and VI. The iodine color of alpha amylose 
was violet while the iodine color of the alpha fraction was blue. As the 
corn matures the alpha fraction of the soluble polysaccharides loses in ash, 
phosphorus, and nitrogen ; therefore the compound from mature corn had 
a higher percentage of conversion to glucose on hydrolysis. The optical 
rotation of the hydrolyzed samples varied with the stage of ripening of the 
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TABLE V 

Comparison of ash, phosphorus, and nitrogen content of au*ha fraction of soluble 

POLYSACCHARIDES FROM SWEET CORN AND AI^PHA AMYLOSE FROM SWEET CORN STARCH 


Material 

Ash 

P.0, 

Total 

NITROGEN 

Alpha fraction of soluble 
polysaccharides 

% 

% 

% 

Milk stage 

0.113 

0.674 

3.33 

Dough stage , . 

0.080 

0.074 

0.94 

Mature stage . 

! 0.017 

0.025 

0.19 

Alpha amylose . 

0.800 

1 

0.164 

0.26 


corn from which they were prepared. However, if the weights of hydro- 
lyzed samples were corrected for their percentage of conversion to glucose, 
the optical rotations approximated that of d-glucose, with the exception of 
the material from the milk stage, which was lower. The alpha fraction of 
the soluble polysaccharides from the mature stage and alpha amylose con- 
tained a trace of extraneous fatty material, therefore it was either removed 
or corrected for, in determining the amount of fatty material freed by hy- 
drolysis. The amount of this fatty material increased in the alpha fraction 
of the soluble polysaccharides as the corn matured. However, there was 
never as much present in these fractions as there was in alpha amylose. In 
making the determinations for the fatty material freed by hydrolysis, a 
flocculent precipitate occurred during the hydrolysis. This was collected 


TABLE VI 

Comparison of properties of hydrolyzed alpha fraction of soluble polysaccharides 

FROM SWEET CORN AND HYDROLYZED ALPHA AMYLOSE FROM SWEET CORN STARCH 


Material 

Conversion 

TO GLUCOSE 

ON HYDROLYSIS 

Specific rota- 
tion OF hydro- 
lyzed SAMPLES 
at 25° C. 

Melting point 
of osazones 
PROM hydro- 
lyzed SAMPLES 

Fatty mate- 
rial liberated 

BY HYDROLYSIS 

Alpha fraction of solu- 
ble polysaccharides 

% 

% 

« c. 

% 

Milk stage 

76.27 

36.41 

206.2 

0.01 

Dough stage . .. 

90.23 

51.32 

204.0 

0.03 

Mature stage 

i 91.90 

55.25 

204.6 

0.14 

Alpha amylose 

92.25 

55.93 

204.4 

0.79 
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on a filter and washed free of acid before extracting with ether. The alpha 
fractions of the soluble polysaccharides from the milk and dough stages coli- 
tained an abundant amount of this flocculent precipitate after hydrolysis, 
but when this was collected on a filter and washed it was found to be water 
soluble. 

Properties of water soluble polysaccharides obtained from Evergreen 

SWEET corn in MILK STAGE 

The water soluble polysaccharides from the Evergreen sweet corn were 
prepared in the same manner as described for the Hopeland sweet corn. 
The properties of the beta fractions of the soluble polysaccharides were very 
similar to those of the Hopeland fractions, with the exception that the 
Evergreen fractions had a higher conductivity. 

The properties of the alpha fraction of the soluble polysaccharides from 
the Evergreen corn were similar to those of the Hopeland alpha fraction in 
the milk stage, with the exception that the Evergreen material had more ash 
and more fatty material freed by hydrolysis. 

Discussion 

The data on the beta fraction of the soluble polysaccharides indicate that 
it is possible to obtain from sweet corn a preparation which wdll have fairly 
consistent properties from year to year. The change in properties of this 
fraction as the corn matures may be due to an increase in the chain length 
of the compound. Therefore an attempt was made to determine the molecu- 
lar weights of the different preparations by the cryoscopic method, but it 
was not possible by this method to obtain consistent results. In comparing 
the properties of the beta fraction of the soluble polysaccharides with those 
of beta amylose, it was evident that the physical properties of these two com- 
pounds are different. The former w^as readily soluble in cold water and 
gave an opalescent solution while the latter was difiBcultly soluble in cold 
w^ater and gave a water-clear solution. The beta amylose had a greater 
viscosity, conductivity, and optical rotation than the beta fraction of the 
soluble polysaccharides. The chemical data indicate that these two com- 
pounds differ only in their physical properties. The specific rotation of the 
beta amylose was higher than that reported by other investigators ( 4 , 24 ) 
working with beta amylose prepared from other kinds of starch. 

The solubility of the alpha fraction of the soluble polysaccharides and 
alpha amylose w^as similar. Both compounds were readily soluble before 
electrodialysis; however, after repeated electrodialysis it was exceedingly 
difficult to get either compound into a stable suspension. Owing to this 
fact such physical measurements as viscosity, conductivity, and optical rota- 
tion would be of doubtful value. 
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The properties of the two fractions of the water soluble polysaccharides 
which have been investigated are not similar to any of the dextrins resulting 
from starch hydrolysis, as reported by Samec (21). Some dextrins result- 
ing from direct hydrolysis of starch have been reported by Baker (3) and 
by Lintner and Dull (16) as liaving specific rotations which were very 
similar to that of the beta fraction of the soluble polysaccharides ; however, 
the other properties reported by these investigators for their dextrin prepa- 
rations were quite different from the properties of the alpha or beta frac- 
tions of the soluble polysaccharides. Link (14) isolated and purified a 
dextrin from the radicle and plumule of the young corn plant. This dextrin 
was not similar to either fraction of the soluble polysaccharides found in 
sweet corn endosperm. 

Lampe and Meyers (13) have studied the development of the endosperm 
of sweet corn microchemieally, and report that globules first form and that 
carbohydrate grains w’hich give characteristic starch reactions may or may 
not form within these globules. They advance the theory that these globules 
contain the water soluble polysaccharides. This idea was later given more 
strength by Lampe (12). These investigators also report that they found 
no evidence of a reversal or a hydrolysis after the carbohydrate grains were 
once formed. 

In the light of these recorded observations and the fact that the present 
investigation shows that the water soluble polysaccharides contain two frac- 
tions which in some respects are similar to sweet corn starch components, 
it is possible that the water soluble polysaccharides present in sweet corn are 
the units for the formation of starch grains. 

Summary 

1. The water soluble polysaccharides present in sweet corn endosperm 
were isolated and divided into two major fractions by electrodialysis. One 
fraction migrated to the positive electrode and was deposited as a gelatinous 
mass around the positive membrane wdiile the other fraction always remained 
in suspension during electrodialysis. These fractions have been tentatively 
named alpha and beta, respectively. 

2. The physical and chemical properties of these fractions of the soluble 
polysaccharides from corn in the milk, dough, and mature stages were com- 
pared wdth each other and with alpha and beta amylose prepared from 
sweet corn starch. 

3. As the corn matured many of the properties of the alpha and beta 
fractions of the soluble polysaccharides approached those of alpha and beta 
amylose of starch but they departed widely from those that have been 
described for dextrins. 
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SEASONAL MAECH OP CARBOHYDRATES IN ELYMVS AMBIGUU8 
AND MUHLENBEROIA GRACILIS, AND THEIR REACTION 
UNDER MODERATE GRAZING USE 

Edward C. McCarty 
(with three figures) 

Introduction 

In a study of the Avestern wheat grass, Agropyron smithii, the seasonal 
march of the total concentration of the sugar and starch fractions was found 
to vary inversely with the rate of growth of the herbage. The storage of 
these cai*bohydrates occurred during the declining phase of herbage growth, 
near the close of the annual growth cycle (2). A subsequent study of the 
seasonal inarch of the carbohydrates of the needle grass, Stipa pulcra, showed 
inverse proportionality between the rate of herbage growth and the total con- 
centration of the sugar and starch fractions, in both the herbage and the 
stem bases and roots of the plant. Carbohydrate storage was also delayed 
until the closing phase of the annual growth cycle (5). In each of these 
grasses, one clipping treatment, applied at the onset of the interval of carbo- 
hydrate storage, resulted in a maximum diminution in these food materials 
in the stem bases and roots of the plant, at tlie close of the growing season. 

In view of the economic importance of these facts in the management of 
range lands, it is obviously desirable to extend these studies to other grass 
species. The object of the present study therefore, was to determine: (1) 
the normal progress of the carbohydrate foods in the herbage and in the 
subterranean organs of the plant; (2) the period of food accumulation; and 
(3) the effect of a single harvest made at various stages of the annual growth 
upon the accumulation of carbohydrate food in the perennial organs of the 
plant. 

The experimental plots were located at Ruxton, on the eastern slope of 
Pikers Peak, in Colorado. The immediate area was a grass covered hillside 
situated at the upper limit of the transition life zone, and with a gentle slope 
to the southeast. The soil Avas relatively deep on the slope, showing some 
rock outcrop and a loose admixture of gravel. The grasses studied were 
wild rye, Elymus ambiguvs Vasey and Scribn., and a dropseed, Muhlen- 
hergia gracilis Trin. These grasses were predominant on the area although 
there Avere other grasses and a sparse population of low herbs present. 

At weekly intervals height growth data were secured by measuring 50 
shoots, selected at random over the area. The dry weight increment was 
determined by drying the shoots in a ventilated oven at 65® C, (table I), 
Upon plotting these data, cumulative curves, mgmoid in character, were 

727 



728 


PLANT PHYSIOLOGY 


TABLE I 

Height, growth, and dry weight op Elymus ambigvi a; 1980 


Date 

Average 

height 

growth 

Percentage 

Average 

DRY WEIGHT 

Per(?entaoe 


cm. 

% 

gm. 

% 

June 24 . 

30.8 

52.5 

0.130 

11.8 

July 3 

36.0 

61.4 

0.218 

19.8 

July 10 .. 

36.5 

62.4 

0.221 

20.1 

July 18 1 

' 38.7 

63.0 

0.225 

20.4 

July 30 . .. 

1 45.7 

78.0 

0.319 

29.0 

Aug. 7 

54.3 

92.6 

0.440 

40.0 

Aug. 15 

57.1 

97.6 

0.649 

59.0 

Aug. 27 

57.8 

98.8 

0.703 

63.0 

Sept. 4 ! 

58.6 

100.0 


1 

Sept. 18 j 



1.100 I 

1 100.0 


obtained. Rate curves were constructed by drawing lines tangent to the 
cumulative curves at convenient points, and computing the tangent of the 
angle made by the convergence of these lines upon the x-axis (1), (table II ; 
%s. 1, 2). 

The herbage samples as prepared for analysis consisted of the entire 
shoots, clipped 1 inch from the soil surface. The basal organs, consisting 
of stem bases, rhizomes, and roots, were combined for the purpose of 
analysis. Upon collection and preparation, these respective samples were 
placed in a ventilated oven and dried for a period of 24 hours at 65® C. 

TABLE II 

Bate op growth or Elymus ambiovvb 


Height growth Dry weight 


Date 

Y 

X 

Date 

Y 

X 

June 14 

1.10 

June 14 

0.30 

June 24 

1.50 1 

June 24 

0.52 

July 4 . . 

0.32 I 

July 4 

0.27 

July 14 

0.08 1 

July 14 

0.04 

July 24 

0.10 

July 24 

i 0.62 

Aug. 3 

2.04 

Aug. 3 

1.30 

Aug. 13 ... 

0.52 

Aug. 33 . 

1.20 

Aug. 23 

0.10 

Aug. 23 

0.28 

Sept. 2 .... 

0.00 

Sept. 2 

2.40 



Sept. 32 .. 

0.60 



Sept. 18 

0.00 
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After grinding, the samples were dried for an additional 24 hours at the 
same temperature. The sugars were then extracted with alcohol. The 
residue remaining after the extraction was ground to a fine powder in a 
ball mill, and the starch fraction obtained by salivary digestion. The sus- 
pension was filtered through quantitative paper in a Buchner funnel. 
From this residue the hemieellulose was obtained by hydrolysis, using 2.5 
per cent, concentrated hydrochloric acid. All solutions were cleared with 
basic lead acetate. The reductions were carried out as described in a 
previous paper (3). 


Observations 

Growth op the plants 

The annual growth of a perennial range grass shows two general periods, 
characterized respectively by the development of the leafy shoots and by the 
lengthening of the flower stalks. The growth of the vegetative shoots is 
at first accelerated until the maximum rate is reached, after which the rate 
of growth declines. During this interval the inflorescence is differentiated 
from the apical meristem, thus initiating the second period of growth. The 
growth of the flower stalks is likewise accelerated, and as the rate declines, 
the fruit ripens and the plant reaches maturity. 

In the wild rye grass the growth of the flower stalks progressed very 
slowly at first, and the heads appeared generally over the plots June 20. 
Following the change in acceleration of the rate of growth of the flower 
stalks, the dry weight of the plant became greatly accelerated (fig. 1). 
Depression in the rate of increase in dry weight was apparently correlated 
with flowering and the production of fruit, a condition found also in Avena 
fatua (3). As in this latter grass, the dry weight lagged behind the increase 
in height growth. Although the height grow’th had ceased on September 4, 
further increa.se in dry weight was indicated in the collection of September 
18. 

The growth of adventitious roots w'as observed July 30. This growth 
was completed in perhaps two weeks, after which the growth of secondary 
shoots began. The occurrence of new root and slioot growth during the de- 
clining phase of the annual growth cycle shows agreement with Stipa pulcra 
(6). Alternation in growth was found also in the study of Avena fatua 
(3) . Parker and Sampson report root growth to be more active during the 
“autostatic” phase in Stipa pulcra and Bromus hordeaceus ( 4 ). 

The annual growth of the plant was presumed to have been completed by 
September 18. At this time the fruit was in process of dissemination and 
the plants had assumed a characteristically mature aspect. There had also 
been a hard frost prior to this date. 
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tioiiB in herbage of untreated plants (table IV) j lower, rate of growth of the leafy shoots 
in height and their increase in dry weight (table II). 

The principal growth features of Muhleniergia gracilis were similar 
to those of Elymus ambiguus, although there were some differences in the 
time of appearance of the flower stalks and in the maturity of the fruit. 
Boot growth, howwer, practically coincided in both grasses. 

Growth of the plants under use 

Moderate use was approximated by clipping, one harvest being made of 
each plot successively as shown in table III. In all groups clipped during 
the period of vegetative activity some renewed growth occurred. The 
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renewed growth following clipping was not disturbed by any further treat- 
ment, and on September 6 the stem bases and roots were collected and 

TABLE III 

Average height growth of clipped plots of Elymvs AMBfOVUSy 1930 


Plot 

Date of I 

HARVEST 1 

Average height 

BEFORE CLIPPING 

Average height 
Sept. 6 

Total average 

HEIGHT GROWTH 


i 

cm. 

cm, i 

cm. 

1 . 

June 24 

30.8 

31.6 

62.4 

2 

July 3 j 

36.0 

24.8 1 

60.8 

3 . .. 

July 10 

36.5 

19.8 

56.3 

4 

July 18 ; 

38.7 

17.2 

55.9 

5 , . 

J uly 30 t 

45.7 

8.0 

53.7 

6 

Aug. 7 1 

54.3 

Appreciable 


7 

Aug. 27 

57.8 

Apj)reciable 



pr(‘pared for analysis. (Jrowth was renewed immediately following the 
harvest of plot 1, on June 24, but was somewhat delayed in the plot harvested 
on August 7. Whereas renewed growth was vigorous and immediate in plot 
1, there was a progressive decline in the amount of grow^th made following 
the clipping of each successive plot. 

If the total average height growth for the season is considered to be the 
sum of the average height growth at the time of clipping and the average 
lieight growth at the final harvest of each plot, there is an apparent increase 
in this factor when comparison is made with the untreated plants (tables 
III, I). A single clipping may both delay and diminish tillering, however; 
also, if flower stalks are produced, their diameters and ears of grain may be 
decidedly smaller than in the untreated plants (3). The yield following 
clipping is therefore lower than in the untreated plants. 

March of the carbohydrates 

Herbage. — The concentration trends of the carbohydrates in the plant 
may be shown advantageously by means of the curve representing the sum 
of the reducing sugars, sucrose, and starch fractions (figs. 1, 2). In general 
the trend is from low concentrations in the early part of the growing sea- 
son to high concentrations, the maximum occurring during the declining 
phase of growth at the close of the annual growth cycle. The increase in 
these carbohydrates between June 24 and the close of the season was more 
than 8 per cent., based upon the dry w^eight of the plant. The greatest 
change in concentration was found in the starch fraction, which increased 
rapidly following the turning point in growth rate of the vegetative shoots. 
The fluctuations in the sucrose level were smaller than those of the starch 
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fraction, but in both the trend was from low concentrations early in the 
growth cycle to high concentration at the close of the growing season. Only 
very slight changes occurred in the level of the reducing sugars throughout 
the period of observation. The variations in the acid hydrolyzable frac- 
tion, hemicellulose, were less than those of the starch fraction. A decline 
in the hemicellulose concentration, however, is shown at the time of flowering 
and the development of the fruit (table IV, fig..l). 

TABLE IV 

Reducing sugars, sucrose, starch, and hemicellulose in herbage or 
BJjVMUS AMBiauvs, expressed as percentage of reducing sugar, 1930 


Sample 

no. 

Date of 

HARVEST 

Reducing 

SUGARS 

Sucrose 

Total 

SUGARS 

Starch 

Reducing 

SUGARS, 
SUCROSE, 
AND STARCH 

HEMICEL” 

LULOSE 



% 

% 

% 

% 

% 

% 

447. 

July 3 

2.30 

5.57 

7.87 

1.88 

9.75 

18.67 

449 

July 10 

2.77 

4.49 

7.26 

2.14 

9.40 

19.47 

451 . 

July 18 

2.30 

5.57 

7.87 

3.48 

11.35 

21.07 

453 

July 30 

2.30 

4.96 

7.26 

5.32 

12.58 

21.07 

455 . 

Aug. 7 

2.69 

6.81 

9.50 

9.08 

18.58 

21.07 

467. 

Aug. 15 

2.14 

6.40 

8.54 

7.40 

15.94 

20.27 

459 . 

Aug. 27 

2.38 

5.49 

7.87 

8.48 

16.35 

21.07 

463 

Sept. 6 

2,61 

6.89 

9.50 

8.48 

17.98 

20.27 


TABLE V 

Reducing sugars, sucrose, starch, and hemicellulose in stem bases, rhizomes, and 

ROOTS or ELYMUS AMBIGUUS, B2CPRESSED AS PERCENTAGE OP REDUCING SUGAR. 

Calculations made upon an ash free basis; 1930 


Sample 

NO. 

Date of 

HARVEST 

Reduc- 
ing i 

SUGARS 

Sucrose 

Total 

SUGARS 

Starch 

Reducing 

sugar, 

SUCROSE, 

AND 

STARCH 

Hemi- 

cellu- 

lose 

Ash 



% 

% 

i % 


% 

% 

% 

446 

June 24 

2.06 

3.35 

5.41 

! 2.68 

8.09 

25.68 

4.68 

448 

July 3 

1.61 

3.93 

5.54 

4.95 

10.49 

25.68 

4.69 

450 .. 

July 10 

1.64 

3.77 

5.41 

5.87 

11.28 

27.38 

4.72 

452 

July 18 

0.99 

3.12 

4.31 

5.77 

9.88 

23.60 

4.43 

456. .. 

Aug. 7 

1.08 

2.36 

3.44 

6.52 

9.96 

22.76 

4.22 

458 

Aug. 15 

1.20 

2.98 

4.18 

5.98 

10.16 

22.76 

4.29 

460 . 

Aug. 27 

.1.13 

2.45 

3.58 

6.92 

10.50 

23.76 

4.52 

464 

Sept. 6 

1.17 

3.29 

4.46 

8.26 

12.72 

22.80 

4.55 

482 .... 

Sept, 18 

1.17 

4.63 

5.80 

8.26 

34,06 

22.80 ! 

4.59 
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Stem bases^ khizomeS; and roots. — The reducing sugars, sucrose, and 
starch in the stem bases, rhizomes, and roots showed trends similar to those 
in the herbage (table V, fig. 2). Low concentrations prevailed during the 
earlier phases of herbage growth, and maximum levels occurred with the^ 
decline in the growth rate at the close of the growing season. As in the 
herbage, the variations in the starch were greater than those obtaining in 



Fia. 2. Mlytnus ambigms: upper, behavior of sugar and starch fractions in stem 
bases, rhiscomes, and roots of untreated plants (table V) j lower, rate of growth of the 
leafy shoots in height, and their increase in dry weight (table II). 
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the sucrose, and in both fractions the concentration trends were from lovf 
values on June 24 to high values at the end of the annual growth cycle. The 
reducing sugars were maintained at a more or less constant level throughout 
the period of observation. The concentration of the acid hydrolyzable 
hemicellulose declined during the reproductive period, showing agreement 
with the behavior of this fraction in the herbage. 

March of the carbohydrates in Muhlenbebgia gbacilis, — Essen- 
tially the same trends are shown in the march of the carbohydrates in the 
stem bases and roots of ilf. gracilis as in the rye grass. The sugars exceeded 

TABLE VI 

Reducing sugars, sucrose, starch, and hemicellulose in stem bases and roots of 
MVHLKynEHGIA ORACJLI8, EXPRESSED AS PERCENTAGE OP REDUCING SUGAR; 19,30 


Sample 

NO. 

Date of 

HARVEST 

1 

Reducing 

SUGARS 

Sucrose 

Total 

SUGARS 

Starch 

1 Reducing 
sugars, 
sucrose, 
and starch 

Hemicel- 

j LULOSK 



% 

% 

% 

% 

% 

% 

421 

June 24 

0.78 

2.83 

3.61 

1.78 

5.39 

36.32 

425 

July 10 

1.15 

3.84 

4.99 

1.88 

6.87 

36.32 

427 

July 18 

0.77 

3.48 

4.25 

1.88 

6.13 

36.32 

429 

July 30 

0.83 

2.59 

3.42 

3.12 

6.54 

36.32 

431 . 

Aug. 7 

0.86 

2.56 

3.42 

2.66 

6.08 

33.92 

433 . 

Aug. 15 

0.77 

2.33 

3.10 

2.00 

5.10 

34.32 

439 

Sept. 9 

0.86 

4.13 

4.99 

1.36 

6.35 

34.32 

441 

Oct. 18 

0.89 

4.64 

5.53 

3.36 

8.89 

33.92 


TABLE VII 

Reducing sugars, sucrose, starch, and hemicellulose in stem bases and roots of 
TREATED PLOTS OF ELYMUS AMBIQVVB, EXPRESSED AS PERCENTAGE OF REDUCING 

SUGAR. Calculations made upon an ash free basis ; 1930 


Sample 

NO. 

Date of 

HARVEST 

Reduc- 

ing 

SUGARS 

Sucrose 

Total 

sugars 

Starch 

Reducing 

SUGAR, 

sucrose, 

AND 

STARCH 

Hemi- 

cellu- 

LOSS 

* Asii 



% 

% 

% 

% 

% 

% 

% 

466 

June 24 

1.97 

3.69 

5.66 


12.74 

26.33 

6.79 

468 

July 3 

1,39 

3.88 

6.27 

5.44 

10.71 

24.96 

9.47 

470 

July 10 

1.19 

2.72 

3.91 

5.32 

9.23 

25.46 

7.46 

472 

July 18 

0.99 

2.81 

3.80 



25.41 

7.40 

474. 

July 30 

0.95 

2,62 

3.57 

6.76 

10.33 

25.65 

7.78 

476 

Aug. 7 

0.92 

2.00 

2.92 

7.18 


25.74 

8.03 

480 

Aug. 27 

1.04 

2.39 

3.43 


9.13 

23.47 

6.64 
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the starch fraction in amount. The greater part of the sugar fraction was 
found to be sucrose, however, and this sugar is probably the more important 
storage product. The accumulated foods are laid down during the closing 
phase of the annual growth cycle, showing agreement with the wild rye grass 
(table VI). 

Carbohydrate concentration in clipped plots. — ^As previously stated, 
only one clipping was made of each plot, and the stem bases and roots were 
removed September 6. The relative values of the several carbohydrate frac- 
tions were in agreement wdth those in the untreated plants. As in the un- 
treated plants, the starch values were higher than either sucrose or the 
reducing sugars. Based upon the amount of accumulated carbohydrate 
foods, the series is progressive, the largest amount being contained in the 
group harvested June 24 (table VII, fig. 3). 



Fig. 3. Elymus ambiguvs: total accumulation of sugar and starch fractions in the 
clipped groups, as found at close of annual growth cycle (table VII). The dates show 
when the single clipping treatment was applied in each group. Following these respec- 
tive dates no further clipping treatments were applied, and the stem bases and roots of 
each group were collected on September 6. The curve representing the nomal behavior 
of the total of the sugar and starch fractions is repeated for convenience. 

Discussion 

The annual growth cycle of Elymus is characterized by series of develop- 
mental steps, each occurring in sequence, each involving meristem activity, 
and each drawing upon the available carbohydrate foods of the plant. In the 
order of their occurrence, these steps comprise the development of the leafy 
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shoots, the initiation of the flowers, the elongation of the flower stalks, the 
growth of new adventitious roots, and the development and maturity of the 
fruit 

Although the photosynthetic area of the plant increases rapidly during 
the early period of herbage growth, utilization of the carbohydrate foods in 
respiration and in tissue building is apparently very great in proportion to 
the food making capacity of the herbage. Moreover, tillering occurs during 
this early period and the rate of growth is progressively accelerated. Carbo- 
hydrate utilization therefore continues at equal pace with the increase in 
leaf area and the synthesis of carbohydrate foods, and in consequence low 
concentrations prevail in the herbage during the early period of vegetative 
growth. The increase in the carbohydrate concentration coincident with the 
change in growth acceleration appears to be related to a decline in the rate 
at which these foods are utilized in the several growth processes, as well as 
to the increased photosynthetic area of the plant. 

The march of the reducing sugars, sucrose, and starch in the stem bases 
and roots is inversely correlated with the rate of growth of the herbage. 
Previous studies have shown that the accumulations of these carbohydrates 
are greatly depleted within a relatively short time after the resumption of 
growth, following a rest period (5). Low values continued in the basal 
structures during the period of accelerated shoot growth, but increases in the 
several fractions followed the turning point in the growth rate. The inverse 
correlation prevailing between growth and the carbohydrate level in the 
stem bases and roots is evidence of the utilization of these materials at a 
rate quite in excess of their production, and hence production becomes a 
limiting factor in the several growth processes. Root growth is seen to alter- 
nate with growth of the herbage, occurring during the autostatic phase 
of growth. The carbohydrate concentration in the stem bases and roots 
remained constant during root growth, suggesting that meristem activity 
in the roots, as well as in the herbage, tends to monopolize the available food 
supply of the plant (3). With the conclusion of these growth phenomena, 
food accumulation was effected, the upturn of the concentration beginning 
on August 27 (table V, fig, 2). 

As shown by the average height of the plants (table III), the most com- 
plete recovery was made in the group clipped on June 24. The amount of 
renewed growth made by each succeeding group decreased progressively, 
being only appreciable in the group clipped on August 27. Since the in- 
crement values in the untreated plants were greatest during the months of 
June, July, and August (table I), the external environmental factors may 
be presumed to have been favorable during these months. The amount of 
growth made by the several groups was proportional to the number of days 
remaining in the growing season following the clipping of each group (table 
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111). Food acciimulation in the treated plants, as in the contrds, occurs 
during the declining phase of growth, and both treated and untreated plants 
tend to reach this “autostatic” growth phase at the same time (2). Food 
accumulation in Elymus ambiguus agrees with that in Agropyron smithii, 
therefore, and is correlated with the amount of herbage present at the onset 
of the period of accumulation (2). 

Benewed growth following clipping or grazing must be made at the ex- 
pense of the accumulated carbohydrate foods in the stem bases and roots of 
the plants. Such growth is invariably followed by a diminution in the 
seasonal level of these foods in the storage organs (5, 3). This decline in 
the seasonal carbohydrate level tends to be proportional to the rate of growth 
at the time the clipping treatment is applied (3). Furthermore such 
diminution represents a loss of potential energy and imparts some injury to 
the plants. The contrast between the accumulated foods in the treated and 
in the untreated plants is shown graphically in figure 3. 

There is reason to know that such diminution in carbohydrate foods as 
is found in the several groups of treated plants does not necessarily result in 
death of the plant. The amount of these foods found in the group clipped 
on August 27 is sufiScient to promote fair growth during a subsequent season. 
Such diminutions serve to prevent maximum yields, however, and to lessen 
the number of fruit stalks produced during the subsequent season’s growth. 
Again the decline in food level resulting from use tends to be cumulative 
when treatment is repeated from year to year. 

Although the longer period of growth between the clipping of the first 
group on June 24 and the final upturn of the food level in the stem bases 
and roots yielded the most favorable results in the process of accumulation of 
carbohydrate foods in the stem bases and roots of the plants, this fact cannot 
be construed to favor early use of range lands. Further carbohydrate 
studies have shown specific injuries imparted by clipping or grazing during 
the first few weeks of seasonal growth. On the other hand the total annual 
growth of herbage is not essential to the production and accumulation of 
maximum amounts of carbohydrate foods. Moreover the results of the 
treatments applied to the several groups show the value of the late seasonal 
growth in the process of carbohydrate accumulation in the stem bases and 
roots of the plants. 


Summary 

1. The grasses Elymus ambiguus and MuMenbergia gracUis were studied 
in their native habitat. 

2. The seasonal march of the carbohydrates, as shown by the sum total of 
the sugars and starch, was found to be in inverse ratio to the rate of growth 
of the herbage. 
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3. Secondary growth of roots and shoots occurred daring the closing 
phase of the growth cycle, and the carbohydrate concentration in the stem 
bases and roots remained practically constant during this growth activity, 

4. The accumulation of carbohydrate foods was completed some time 
between September 7 and 18. Much of this food was apparently elaborated 
by the secondary herbage growth. 

5. In the treated plants the highest and the lowest concentrations of the 
accumulated carbohydrate foods were found respectively in the group 
clipped June 24 and August 27, the latter being approximately at seed 
maturity. 

6. In the clipped groups, the amount of herbage growth made subsequent 
to treatment and the concentration of the accumulated carbohydrates were 
roughly proportional to the number of days between the date of the clipping 
treatment and the end of the annual growth cycle. 

The field work incident to the preparation of this paper was made possible 
by Dr. Frederic E. Clements, u'ho also placed the facilities of the Alpine 
Laboratory at the disposal of the writer. The final collections of samples 
were made by Mr. Leonard Johnson. Mrs. E. C. McCarty also assisted, 
both in the field and in the laboratory. 

Bivskside Juniob College 
Riverside, California 
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GROWTH AND SEASONAL CHANGES IN COMPOSITION 
OP OAK LEAVES 

Aethue W. Sampson and Etjdolp Samisch 
(with four figures) 

Introduction 

Study of growth and of seasonal changes in composition of leaves of 
certain western species of oak was undertaken as part of an investigation 
to determine forage values and certain management phases of the oak asso- 
ciations. An attempt was made to record seasonal changes in the major 
constituents of the leaves. The results are expressed (1) on a relative basis, 
namely, that of dry weight and of unit leaf area, respectively, and (2) on 
an absolute basis of leaf unit. The paper discusses the merits of the two 
bases for a study of this character. 

Methods 

Leaf samples were collected from Quereus gamhelii Nutt, and Q. keUoggii 
Newb., both deciduous. Q. gamhelii, a scrub form, occupies foothills and 
low mountains from southwestern Wyoming through Mexico and Arizona 
(8), whereas Q. keUoggii (6) is essentially a California species, occurring 
between elevations of 500 to 8000 feet throughout the length of the state (3). 

Leaf samples of Q. gamhelii were obtained from the same clumps during 
the entire growing seasons of 1930 and 1931, respectively.^ In addition to 
this, a series of leaf samples was collected in 1931 from another oak clump 
located about 1 mile from the first clump. The analytical data pertaining to 
the samples gathered on the same date from these clumps agreed closely. 
The values for the growth rate of Q. gamhelii consist of the averages for the 
corresponding samples from the two selected clumps (table I). Since no 
measurements of leaf area were made during the season of 1930, the data 
in the following tables pertain to samples gathered in 1931 only. These data 
are believed to be representative, however, since the analytical results ob- 
tained from leaf samples collected in 1930 show the same trend as those pro- 
cured a year later. 

Leaf samples of Q. gamhelii were taken at approximately monthly 
intervals. The first samples were collected in June, when the leafage had 
unfolded sufficiently to afford browse for grazing animals. Flowering had 
been completed and acorns were beginning to form. By September the 
fruits attained full size, and many were being cast before reaching maturity. 

* The samples of this species were collected through the courtesy of tho Director of the 
Intermonntain Forest and Bange Experiment Station, near Ephraim, in central Utah. 
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At that time autumn color 'n'as still absent in the leaves. By the end of 
October all the leaves and the acorns had abscissed. The last sample, 
obtained on October 24, had to be collected from the ground. 

Leaf samples of Q. helloggii were collected during the growing season 
of 1931, near St. Helena in Napa County, California. The first sample 
was obtained in July, when the leaves had reached about half of their 
maximum season’s growth. In September the leaves were still green. On 
December 1, when the last sample was collected, the leaves had turned 
partially brown, only a portion along the midrib still being green. 

The average dry weight and the average area per leaf were determined 
as follows: leaves in lots of 300 were counted and weighed. Fifty leaves 
were blue-printed and their area measured with a planimeter. The two 
sets of leaf samples obtained from the two clumps of Q. gamhelii checked 
closely. The figures as reported in table I for the leaves of this oak repre- 
sent averages of 600 and 100 leaves, respectively. 

Rate of growth 

The rate of increase in area and the increase of the leaf in dry weight 
are shown in table I. 


TABLE I 

GkOWTH KATE OF QUERCVB OAMBFLII AND Q. KELLOOGII 


Time of harvest 



Juke 21 

July 3 

Aug. 6 

Sept. 8 

Oct. 24 


Q, gambeUi 

Average area per leaf 
in square inches 
Average dry weight 

1.09 

2.84 

3.43 

3.92 

4.52 

per leaf in mg. 

69 

166 

207 

235 

205 


June 11 

July 19 

Sept. 13 

Dec. 1 



Q, kelloggii 

Average area per leaf 
in square inches .. 
Average dry weight 

5.78 

8.09 

10.3 

10.3 


per leaf in mg 

432 

646 

658 

649 



After a rapid growth rate during the first month under observation, 
the rate of expansion of leaves of Q. gambeUi decreased measurably. The 
increase of leaf area, expressed in percentage of leaf area of each of the 
preceding samples, was 160 per cent, for the period between June 11 and 
July 2, 21 per cent, between July 3 and August 6, and 14 and 15 per cent.. 





















Constituents of deciduous oak leaves in obams peb 1000 leaves 
Samples collected 1931 
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respectively, for September and October. In Q. kelloggii a corresponding 
increase of 40 per cent, was observed during the first month, compared 
with a total increase of 27 per cent, during the following two months. 
There was no further increase in area after September 13. Apparently the 
stage of growth in Q. kelloggii was somewhat more advanced at the time 
the experiment was started than was that of Q. gambelii. 

. A similar trend was also observed in the increase of dry weight per 
leaf. The decrease in weight of the last collected sample of Q. gambelii 
(October 24) may be attributed either to leaching or to translocation of 
nutrients from the leaves to the branches. 
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On the basis of tiie growth data presented it was deemed advisable 
to distinguish three ai&j^s of leaf development: (1) the period of rapid 
growth, (2) the period of maturation, and (3) the period of senescence. 

' Chemical changes 

The analytical methods used in this study will be published in detail 
elsewhere ; with slight modification, they were those adopted by the Associa- 
tion of Official Agricultural Chemists. 

In table II and figures 1 and 2, the analytical results are presented on 
the basis of grams per 1000 leaves. In table III and in figures 3 and 4, the 



Fia. 2. Mineral eonetituents of oak leaves, expressed in grams per 1000 leaves. 












744 


PLANT PHYSIOLOGY 


data are expressed on a leaf area basis, namely, in grams per 100 square 
inches of leaf surface. 

In the following discussion changes in constituents are shown for the 
three stages of leaf development. For convenience, the data presented for 



Fig. 3. Major constituents of 04ik leaves, expressed in grams per 1000 square inches. 

Q. keUoggii under the heading which follows are placed in parenthesis 
immediately after the corresponding ones for Q. gambelii. 

1. Period of rapid growth 

Tliis period includes the first month under observation. The basic data 
are given in table II and their relative trends are shown in figure 1. 
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Flo. 4. Mineral constituents of oak leaves, expressed in grams per 1000 square inches 
of leaf surface. 

The period of very active growth is characterised by a rapid accumula- 
tion of salts and carbohydrates. From table II it has been calculated that, 
within approximately one month after the first collection of leaf material, 
there was an increase per leaf of 108 (82.6) per cent, in ash; 80 (42) per 
cent, in protein; 298 (59) per cent, in fiber; 463 (76) per cent, in ether 
extract; and 119 (59) per cent, in nitrogen-free extract. Throughout the 
early growth period Q. keUoggii showed a slower rate of accumulation of 
the constituents just compared. This behavior may be explained by the 
fact that the first sample of Q. keUoggii was collected at a more advanced 
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growth stage than was the corresponding sample of Q, gambelii, as already 
pointed out. 

Toward the end of the rapid growth period, as on July 3 and 19, respec- 
tively, there had accumulated in the leaves 73 (83) per cent, of the total of 
ash taken up during the entire season; 51 (70) per cent, of the ether 
extract; and 60 (97) per cent, of the nitrogen-free extract. The more 
advanced leaf development of Q, kelloggii is again reflected in a correspond- 
ingly more pronounced accumulation of the various constituents. 

It is of interest to note that the entire amount of protein, 97 (100) per 
cent., and most of the crude fiber, 83 (94) per cent., was already present in 
the leaf at this early season ; whereas relatively little accumulation of ether 
extract was in evidence. This very rapid accumulation of protein and of 
some ash constituents during the early period of growth might be attributed, 
in part at least, to the fact that during this stage of growth nitrogenous 
compounds, as w^ell as some other constituents, are largely obtained from the 
storage organs of the plant. Thus Bauer (1), working with one-year-old 
oak seedlings, has shown that about 60 per cent, of the nitrogen intake of 
the leaves during early growth is derived from the storage organs. During 
this period of active growth, leaf area increased at a very rapid rate, as 
previously pointed out. In Q, kelloggii the growth rate w^as virtually equal 
to that of the accumulation of nitrogen in the leaves. But in Q. gambelii 
leaf expansion proceeded at a more rapid rate than did that of protein ac- 
cumulation, thus resulting in a decrease of crude protein per leaf area. 
(Compare crude protein for June 11 and July 3, table III and fig. 3.) 

Crude fiber. — The behavior of crude fiber, which can be regarded as a 
measure of ligno-cellulose, resembles that of protein inasmuch as most of it 
is accumulated during the stage of active growth ; but the rate of accumu- 
lation is much more rapid, and even exceeds that of leaf expansion. This is 
reflected by increase of crude fiber per unit area of 52 per cent, in Q, 
gambelii and of 13 per cent, in Q. kelloggii. 

Morphologically, ligno-cellulose is a function of cell division and cell 
growth. An additional factor which has a bearing on the amount of ligno- 
cellulose in the leaves is the development and increase of the fibrovascular 
system and the lignification of the pedicel of the leaf. 

Nitrogen-free extract. — This consists largely of sugars, hemieelluloses, 
and pectins. The expansion of photosynthetic surface was accompanied by 
the accumulation of these substances in the leaves. The increase of these 
constituents in Q, gambelii (Utali) did not quite keep pace with the rate 
of leaf expansion, w^hereas in Q, keUoggii (California) its accumulation 
exceeded the rate of growth. 

Ash. — The ash constituents (table II, fig. 2), similar to the organic com- 
pounds, accumulated rapidly during the period of early growth. During 
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s 

s 

s 

«o 

L} 

O 

ft; 

Dec. 1 

10.27 

63.2 

53.4 

4.03 

4.30 

12.40 

2.61 

39.86 

1.19 

1.17 

0.47 

0.62 

0.093 

0.0016 

Sept. 13 

10.35 

63.6 

3.40 

5.64 

12.48 

2.39 

39.69 

0.67 

0.79 

0.46 

0.95 

0.091 

0.0012 

Oi 

rH 

1 

© o 

* g 

4.28 

9.10 

14.91 

2.32 

49.39 

0.61 

1.04 

0.65 

1.13 

June 21 

oo 

t*-. 

lo ^ 

!>• 

65.4 

3.28 

8.98 

13.18 

1.84 

47.42 

0.36 

0.95 

0.48 

0.88 

0.083 

0.0012 

§ 

§ 

§ 

ft; 

1 

04 

i 

4.52 

45.4 

4.58 

2.19 

2.19 

10.87 

1.97 

28.27 

0.35 

0.78 

0.29 

0.58 

0.07 

0.012 

Sept. 8 

3.92 

59.4 

59.95 

2.62 

8.03 

11.08 

2.14 

35.53 

0.35 

0.77 

0.44 

0.85 

Aug. 6 

3.43 

60.4 

59.95 

2.77 

8.97 

2.81 

1.60 

34.25 

0.28 

0.75 

0.39 

0.95 

July 3 

2.84 

58.4 

110.3 

2.71 

10.74 

14.21 

1.58 

29.16 

0.18 

0.62 

0.97 

1.07 

June 11 

1.09 

64.3 

139.3 

3.09 

15.50 

9.36 

0.73 

34.62 

0.21 

0.37 

0.78 

1.25 

0.12 

0.009 



Average area per 

leaf 

Dry weight per 1000 
square inches . . 

Water .. - 

Ash 

Crude protein - . 

Crude 6ber 

Ether extract 

N-£iee extract, by 
difTerenee 

8iO, 

CaO 

PA 

KjO 

Na-0 

Cl 











748 


PLANT PHYSIOLOGY 


this period calcium increased 340 (51) per cent., potassium 124 (80) per 
cent., silica 122 (140) per cent., and phosphorus 55 (89) per cent. These 
great differences in rate of accumulation of the various ash constituents are 
seen more clearly when plotted on the basis of unit area (fig. 4). 

While changes per leaf represent absolute values of accumulation or loss, 
a comparison of changes on a unit area basis involves two variables, namely, 
the rate of leaf expansion and the rate of intake of constituents. In Q. 
gambelii (fig. 2) there was a rapid accumulation of all elements in the indi- 
vidual leaf when compared on a leaf basis, whereas figure 4 shows that phos- 
phorus, potassium, and even silica decreased in Q, gambelii when plotted on 
a per unit area. In other words, the rate of intake of these constituents 
was smaller than the rate of leaf expansion. On the other hand, where 
there was a slower growth rate, such as in Q. kelloggi% all elements were on 
the increase during this early period of growth, regardless of whether the 
data were calculated on the leaf area bases or on the basis of a single leaf. 

Similar trends were obtained when the results were reported as percent- 
age of dry weight, for rate of leaf expansion and rate of increase in weight 
happened to run parallel at this early stage of development. Data are fre- 
quently reported in the literature as percentage of weight, seldom on the 
basis of unit area. It is often difficult to gain a picture of the absolute 
accumulation of or loss of materials unless a given organ or plant is taken 
as a basis of reference. The importance of this point in interpretation of 
the analytical results has been strongly emphasized by Wehmer (9). 

2. Period op maturation 

This period covered the months of July and August. It was character- 
ized by a substantially reduced rate of growth and by a slow increase in all 
constituents. It will be noted (fig. 1) that in Q. kelloggii resorption of 
nitrogen, and possibly of phosphorus (fig. 3), had already taken place. 

In the leaves of Q, gambelii the smallest increase was in protein. Prior 
to this period most cells had ceased to divide. Enlargement of the leaves 
was proceeding at a somewhat more rapid rate than was the increase in 
those constituents. They showed, therefore, an apparent decrease when 
calculated on a unit area basis. The decrease of crude fiber per unit area 
was due to the relative increase of the area of the leaf proper, as compared 
with the veins and stem of the leaf, which are known to be comparatively 
rich in ligno-cellulose. 

During this period (samples collected August 6, September 8 and 13) 
ether-soluble substances increased at a fairly rapid rate whereas crude fiber 
and potassium remained practically stationary in both species. Accumula- 
tion of nitrogen-free extract almost ceased in Q, kelloggii whereas it con- 
tinued at a moderate rate in the leaves of Q. gambelii. Silica increased at 
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a coQStant rate in both species. This was also the case with calcium in the 
leaves of Q. gambelii. It seems peculiar, however, that in Q. keUoggii there 
was no intake of calcium for a period of two months. 

Although silica is frequently regarded as an external contamination, 
this seems to be the case only to a limited extent with the material used in 
this investigation, which was carefully wiped before grinding. If the pres- 
ence of sUica were due merely to dust deposit, then it would hardly have 
showed fluctuation in the rate of deposition per unit area, as exhibited by 
the present material. 

During the period of maturation certain constituents showed an appar- 
ent loss in the leaf, when compared on a leaf area basis with samples col- 
lected earlier in the season, despite the fact that in absolute amounts, i.e., 
per leaf unit, these constituents had actually accumulated in the leaves or 
had at least remained stationary. Such is the ease for crude protein in 
Q. gambelii, for nitrogen-free extract in Q. keUoggii, and for crude fiber in 
both species. 


3. Pekiod of senescence 

This phase is characterized by a resorption of a number of constituents 
from the leaves of deciduous trees into branches, trunk, and roots. The 
early literature on the subject was discussed by Wehmeb (9) and by Swakt 
(7). More recently the translocation of nitrogen compounds from the 
leaves to other organs of trees has been reported by Combes (2) and by 
Lincoln ( 4 ). 

In the present work, one leaf sample from Q. keUoggii and from Q. 
gambelii, respectively, was obtained during the period of senescence (tables 
II, III). The sample of Q. gambelii, collected October 24, consisting of 
dead leaves collected from the ground, showed a loss in protein, phosphorus, 
and potassium. This behavior might have been the result of leaching 
rather than of translocation of these constituents from leaves to twigs and 
branches. 

On the other hand, the leaves of the sample of Q. keUoggii, collected 
December 1, also showed a loss in nitrogen, phosphorus, and potassium. 
These leaf samples were alive and had not abscissed. It is highly probable, 
therefore, that the losses in constituents previously enumerated were due to 
their resorption from the leaves and presumably not to leaching. In Q. 
keUoggii the amount of phosphorus in the leaves did not change between 
September 13 and December 1 ; but a significant portion of the phosphorus 
and the protein was translocated from the leaves between July 19 and Sep- 
tember 13. Resorption of phosphorus and of nitrogen evidently started in 
this species at an earlier period than did that of potassium. On the other 
hand, silica and calcium continued to accumulate in the leaf whereas crude 
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fiber and ether extract accumulated slightly or remained at a stationazy 
level. 

Summary 

1. lieaves of Quercus gambelii (Utah) and of Q. kelloggii (California) 
were collected at more or less regular intervals during the growing season. 
They were analysed after their area and their dry weight had been measured. 

2. Protein was found to have accumulated in the leaf at a Tery early 
stage of growth. Although no more nitrogen was taken up during the 
remainder of the season, leaf expansion continued, resulting in a reduction 
in protein content per unit area. In the latter part of the growth period 
there was an actual resorption of protein from the leaf into the storage 
organs. 

3. Most of the crude fiber, like that of protein, was accumulated early in 
the growth period, after which it increased only very slowly. It decreased 
per unit area during the latter part of the season because of the more rapid 
leaf expansion during this period. 

4. Ether-soluble substances accumulated continuously throughout the 
growing season. 

5. The nitrogen-free extract increased very rapidly in the California 
species studied, and remained almost constant after the initial rise (July) ; 
whereas it continued to accumulate gradually throughout the season in the 
Utah species, at least as late as September. 

6. Calcium and silica increased at a rapid rate throughout the growing 
period. 

7. Potassium showed a rapid rise in spring, followed by a somewhat 
declining increase during the summer. This slow rate of increase during 
the summer, as compared with leaf expansion, resulted in a drop of potas- 
sium per unit area. There was a pronounced resorption of potassium in 
the fall. 

8. Phosphorus showed an early peak in the California leaf samples, 
whereas this peak did not occur before September in the Utah species. 

9. This study emphasizes that in order to follow seasonal changes in the 
absolute amounts of chemical constituents occurring in specific plant organs, 
or in entire plants, the data should correspondingly be expressed on the 
basis of a specific organ, such as the leaf, or the plant as a whole. 

University or California 
Division op Forestry 
Berkeley, California 
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MODIFICATION OP LEAP STRUCTURE BY X-RAYS 

Yakiohi NoacoBi 
(with six otgubes) 

Introduction 

The effect of x-rays upon seeds and seedlings very often causes abnor- 
malities of form and changes in the internal structure of the plant. The 
cells of a treated radicle show elongation, great vacuolation or entire lack 
of protoplasm, and absence of nuclei from many cells (1, 6). Strong 
irradiation sometimes causes tumor-like tissues at the root tip, which give 
a bulbous and swollen appearance and which contain multinncleated giant 
cells ( 4 , 7) . Pasciations of stems, leaves, and flowers in the sunflower and 
bushy forms of young tomato plants occur after treatment (1» 3). Abnor- 
mality of leaves is a very common injury by x-rays: the leaves become 
asymmetric, distorted, pocked ; light green areas intermingle with ordinary 
green as if the leaves were suffering from a mosaic disease (1, 3, 10). 

Very few studies have been made on the structure of these abnormal 
leaves. The writer found that one investigator has reported the interference 
with the normal development of palisade cells and spongy parenchyma which 
takes place in such leaves (3). 

Material and methods 

Since Russian sunflower, Helianthus annuus, is very sensitive to x-rays 
and abnormality of vegetative parts can easily be produced by irradiation, 
this plant was selected for these experiments. Seeds were placed for about 
24 hours in a moist chamber on a layer of cellncotton saturated with dis- 
tilled water, and kept at a temperature of 25° C. Some investigators (2, 5, 
8, 9) found that the sensitivity of seeds to x-raya is influenced by the 
amount of water they contain at the time of treatment; therefore it is nec- 
essary to measure the water content of the material. The average water 
content of air-dried seeds of Belianthus is 3.75 per cent. After keeping 
them in moisture for 24 hours this increases to 38.83 per cent, and the seeds 
show incipient germination. At this stage, after removing the pericarps, as 
uniform seeds as possible were selected for treatment and controls. The 
irradiation used in these experiments was made with an x-ray machine in 
the following set-up : 100 K.V. 5 ma. current, no screen, 30 cm. focal dis- 
tance. Immediately after treatment both irradiated seeds and controls were 
planted in pots and kept under environmental conditions as much alike as 
possible, in the greenhouses of the University of Chicago. 
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Results 

General aspects op leap abnormality 

The most common deformities presented by leaves after treatment are 
asymmetry of blade and distortion caused by small pockets. Light or dark 
green (occasionally both) areas intermingle with ordinary green, and, very 
rarely, even colorless portions appear along the margin of the leaf (flg. 1, 
a-e). With strong irradiations the first two or three leaves show a peculiar 
aspect, as if they were suffering from a mosaic disease (fig. 1, d). 



ti-t (•> <A> 

Fio. 1. Variations of color produced in leaves by x-ray irradiation: a, light 
green areas in ordinary green leaf; b, dark green scattered streaks; c, colorless area 
along the margin; d, mosaic diseased ap]iearanee. 

An experiment has been performed with the time element as the only 
variant in the production of abnormalities in leaves. The seeds were 
divided into five series of ten seeds each, and irradiated for 5, 10, 15, and 
20 minutes respectively, the remaining lot being unradiated, as control. 
Observations were made after ten weeks, when the plants were nearly 
mature. Table I records the abnormalities observed. 

Histology op normal leap 

Cross sections of young leaves about 1.5 cm. long, from normal plants 
which were used as controls, were examined to determine the normal de- 
velopment of the tissues in the early stages. One or two layers of long 
but uniform palisade cells lie under the epidermis, and the space between 
the palisade tissue and the epidermis of the under surface of the leaf is 
filled with small cubic spongy parenchyma. All the cells in young tissue 
appear light green with compactly arranged chloroplasts. As the leaves 
grow the palisade cells become longer and the spongy parenchyma cells 
become angular in shape. The green elipsoidal chloroplasts are found 
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T^LE I 

Leaf ABKOBMAifmEg appearing after irradiation op x-rays: heavy mosaic diseased 

appearance; m, light mosaic diseased appearance; L, ught green areas inter- 
mingled WITH NORMAL GREEN; 1, SMALL LIGHT GREEN AREAS INTER- 
MINGLED; DARK GREEN AREAS INTERSPERSED WITH NORMAL 
GREEN; Wy COLORLESS AREAS APPARENT; N, NORMAL 


No. 

LEAVES 


No, 

plants 


Series I (20 minutes’ treatment) 


M M tlkC bud arrests growth 
MM Lw I L I 1 I 1 I ml Ml 1 


m m 
M M 


LD 1 lw lw 
L L L 1 


i I I I > ( i I I I i i I 1 I 

All leaves asymmetric and distorted; four plants died from heavy injuries 
before the emergence of leaves 

Series II (15 minutes’ treatment) 


1 

M 

M 

m 

1 

1 

a 

side bud appears 


2 

M 

M 

L 

1 

1 

N 

1 N 1 

1 

N 



3 

m 

m 

L 

L 

the 

bud arrests growth 



4 

M 

L 


L 

N 

L 

two budfi 

1 1 

develop 



5 

m 

m 

^L 

L 

1 

N 

1 

1 

1 



6 

M 

M 

m 

m 

L 

L 

1 

1 

1 



7 

m 

L 

L 

N 

N 

N 

N 

N 

N 

N 

N 


All Iciives asymmetric ; three plants died in seedling stage 


Series III (10 minutes’ treatment) 


1 

L 

L 

L 

1 

1 

1 

N 

N 

N 

N 




2 

m 

m 

N 

N 

N 

N 

N 

1 

N 





3 

L 

L 

I 

1 

N 

N 

N 

N 

N 

N 

N 

N 

N 

4 

L 

L 

1 

1 

1 

N 

N 

N 

N 

N 

N 

N 

N 

5 

m 

m 

L 

1 

1 

N 

N 

N 

N 

N 

N 

N 


6 

M 

M 

m 

m 

L 

L 

1 

1 

1 

N 

N 

N 

N 

7 

m 

ni 

D 

d 

N 

N 

N 

N 

N 

N 

N 

N 

N 

8 

m 

m 

m 

L 

L 

1 

1 

N 

N 

N 




9 

M 

M 

1 L 

L 

1 

1 

1 

N 

N 






All leaves slightly asymmetric and pocked; one plant injured by insects is 
excluded from the tid>le 


Series IV (5 minutes’ treatment) 


1 

m 

m 

1 

1 

N 

N 

N 

N 

N 

N 

N 

N 

N 





2 

m 

m 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 






3 

m 

m 

1 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 



4 

L 

L 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 





5 

m 

m 

m 

m 

N 

N 

N 

N 

N 

N 

N 







6 

m 

m 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 





7 

m 

m 

L 

L 

L 

1 

1 

N 

N 

N 

N 

N 

N 





8 

m 

m 

1 

1 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 


All leaves symmetric; two plants injured by insects 
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gathered closely along the inside cell wall. In the mature leaf (4 cm. in 
length) the arrangement of cells is very regular. 

Histology op abnormal leap 

Colobless part. — The appearance of colorless parts is rare ; it seems to 
be a severe injury since it was induced only in a series of strong irradia- 
tion. The structural aspect of the leaf is* just like that of an ordinary 
variegated leaf. There is no disturbance of tissue in the green part, 
although the color is somewhat lighter, probably owing to the defective 
chlorophyll-absorbing power of the chloroplasts. On the boundary between 
colorless and green tissues, in most cases the abnormal development of both 
palisade and spongy cells is found in the colorless area. The palisade cells 
are, in some instances, unusually slender, frequently curved, smaller, 
and more spherical. Discrepancies often occur in place of the regularity 
of the normal palisade arrangement. No diflPerentiation between palisade 
and parenchyma occurs in the center of the colorless section when x-ra>' 
dosage is severe. A few chloroplasts without chlorophyll are found in cells 
of colorless tissue. 

Light green part. — Two kinds of structures are found in the light 
green section of the leaf. Sometimes the color is caused by the small 
quantity of chloroplasts in the cells; in such cases no change of structure 
occurs. Usually, however, the development of tissues, especially palisade, 
is abnormal, accompanied by a lack of chloroplasts. In the normal leaf 
palisade cells stand side by side very compactly, but in the abnormal leaf, 
owing to the irregular arrangement, small or large spaces appear between 
palisade cells (fig. 2). When the injury is considerably severe, the entire 



Flo. 2. Abnormal structure of light green parts. Small or large spaces appear 
between palisade cells owing to their irregular arrangement. 

leaf appears light green with small irregular streaks of normal or dark 
green scattered over the surface, and the texture of the leaf becomes exceed- 
ingly coarse. Significant interference of development between palisade and 
spongy parenchyma is indicated in the light green areas of such leaves 
(fig. 3). The chloroplasts in the abnormal cells are more spherical and 
smaller than in the normal; they also seem to lack the normal power of 
absorption of chlorophyll. 
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Fm. 8. strong interference with development of paliaade and parenehTBia in the 
Hevereljr Injured light green area: N, normal; L, light green parts. 

Dabk qrben part. — ^Dark green irrogolar streaks appear scattered over 
the leaf surface. This deep color is d»e to the extremely strong ehlort^hyll- 
absorptive power of the chloroplasts. 

Mosaic-diseased appearance. — The most interesting leaves were those 
showing the mosaic-diseased appearance. Distinct disturbance of develop- 
ment occurred in all tissues, and when the cross section of the leaf was 
observed under the microscope, unusual structures were frequently found. 
The arrangement of epidermal cells was more or less wavy or zigzi^. 
Within a single microscopic field of vision the cells ranged from dark to 
normal to light green in color (fig. 4). Occasionally one or two layers 



Fia. 4. Cross section of mosaie leaf showing dark, normal, and light green areas. 

of colorless cells were found directly beneath the epidermis. From these 
observations it is readily concluded that the structure of the abnormal leaf 
is very complicated, and even in the least disfigured leaf several structural 
abnormalities will be found. 

The general aspects of structui'e of the light and normal green areas 
are the same as those already mentioned (fig. 5, left, middle). The struc- 
ture of the dark green areas, however, is entirely different from that of the 
dark green area described above. 

The distinction between palisade and parenchyma tissues in most cases 
no longer exists. The deformed chloroplasts, clustered in groups of approxi- 
mately six to eight, fill the cells and are a more bluish green. Frequently, 
moreover, the chlorophyll diffuses through the cell sap; thus the leaf 
appears even darker. The walls of Hie parenchyma cells are thin and 
less distinct. In the lower layer of the parenchyma coagulation of the 
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FIG. 5. Internal structures of mosaic leaf: left, normal; middle, lijjht green; right, 
dark green i>ortions. 

chloroplasts ocecurs and the cell walls are even less distinct (fig. 5, right). 
Pockets are caused by the gradual or sudden interruption of a layer of 
palisade cells. 

After the longest periods of irradiation a very peculiar structure is 
found in the leaf with the mosaic appearance. All of the cells become 



Fig. 6. Strong abnormality of structure after severe irradiation by x-rays. All 
the cells become globose and similar and are accompanied by one layer of colorless cells 
(under the broken line). 
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globular aud similar and contain only a very small number of chloroplasts 
or none at all (fig. 6). The abnormality of structure can be seen even in 
the early stages of a treated leaf. 

Effect of minimum dose of x-rays 

It has been reported by several investigators that comparatively strong 
x-rays induce leaf abnormality, but apparently the minimum limit has not 
been determined. When seeds which had been imbibing water for 24 hours 
were treated longer than five minutes, the abnormalities appeared on the 
leaves. Table II summarizes the results of three experiments, including a 
brief description of abnormalities occurring after treatment. 

TABLE II 

Bblation or abnormautiks to lenoth or ibsasiation pebiod. Each exfbbiuent was 

REPEATED THREE TIMX8 AMD TWELVE SEEDS WERE USED IN EACH SERIES 


No. *WEBK8 

AFTKB 

TRBAT- 

MBNT 

Tims of tbbatment 

5 MtKUTBS 

10 MINITTES 

15 MINUTES 

20 MINUTES 

3 

None 

First two 
leaves show 
mosaic ap> 
pearanee 

First two or 
three leaves 
like those 
of mosaic 
plants* 

Severity of injury 
kills half the 
plants; abnor- 
mality severe 
even in early 
stages 

4 

Very glight 
abnormali* 
ties at tip 
of leaf 

j 

Abnormality 
compara- 
tively severe 
and growth 
of plant 
irregular 

Abnormalities 
very severe 

Abnormalities 
very severe 

5 

> > 

i f 

7 7 

Growth of plant 
arrested by 
injury 

6 

» > 

> > 

> f 

Very severely 
injured; plants 
die later 


* One pbmt had leaves which showed only slight injuries. 


The results given in table II show that the minimum limit is less 
than a 5-minute irradiation period. A further experiment was performed 
to determine the shortest period of treatment that would produce injury. 
Five series of plants which were treated 1-5 minutes showed very slight 
abnormalities at the tips of the leaves in the series treated for four minutes. 
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four weeks after treatment; the same abnormality was recognized in a 
series treated for three minutes five weeks after treatment. 

Localization op injuries induced by x-rays 

Whether the effect of x-rays upon seedlings is localized or not is one 
of the interesting problems connected with leaf abnormality. Three sets 
of experiments were performed using seeds which had been imbibing water 
for 1, 2, and 3 days respectively. No essential difference could be seen 
in treatment with seedlings of different stages, however, and only a sum- 
mary of the results will be given. 

In a series of experiments, germinated seeds were treated in one set 
with a metallic screen (3 mm. copper plate) protecting the tops and in 
another with the screen protecting the roots. The third series was treated 
without the screen. The fourth, untreated, served as a control. A remark- 
able difference was observed in the time taken by the seedlings to emerge 
from the soil. Of the seeds treated for 20 minutes, after they had been 
planted a week, the control showed 100 per cent, emergence, the top- 
screened 41 per cent., the root-screened 50 per cent., but none of the 
unscreened seeds emerged. Generally the root-screened seedlings emerged 
somewhat more rapidly than the top-screened, while the unscreened were 
extraordinarily retarded in emergence. Irradiation of the bud retarded 
growth, so that the control and top-screened seedlings showed almost the 
same rate of growth ; but the elongation of the stem in the other two series 
was much retarded. The average height of the plants in the latter case 
is about one-half or one-third of the height of the control plants. 

No abnormality appears on the leaf when the top of the plant is pro- 
tected by the screen; root-screening alone has no effect in preventing 
appearance of top abnormality, even if the degree of injury is somewhat 
less than that of the unscreened seeds. The shorter the irradiation period 
the less the difference of leaf abnormality in the four series (control, top- 
screened, root-screened, and unscreened). 

A complete localization of injuries by x-rays is found in the histo- 
logical investigation. The incomplete development of vascular bundles 
in the stem, the abnormality of root cells, and the appearance of dark 
brown color in the hypocotyl region from the treatment by x-rays, as 
Johnson (1) reported, were also found and their localization observed in 
these experiments. 


Summary 

1. The seed of the sunflower is sensitive to x-rays and often shows 
abnormal development of vegetative parts on germination after treatment. 
Abnormality of the leaves is the most common symptom, however, and is 
constantly induced by a strong irradiation. The leaves become asym- 
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metrical and crumpled in appearance and develop more or less sinuous 
contours; they also frequently show irregular coloring of blades. Usually 
light, dark green, or colorless areas intermingle with ordinary green ; even 
such a peculiar aspect as apparent symptoms of mosaic disease occurs 
when the injury is severe. Of course, the longer the period of irradiation 
of the seeds the more marked is the abnormality of the leaf. 

2. The internal structure of the colorless part is like that of the ordi- 
nary variegated leaf. Cells of palisade tissue are small and slender, fre- 
quently curved, and their arrangement is disturbed by the occasional 
absence of cells. 

3. Two kinds of structure are found in light green areas. One is 
normal as the light color is caused only by the small number of chloroplasts 
in each cell; the other shows disorder of palisade tissue with much space 
between cells and an accompanying lack of chloroplasts, -which probably 
have some deficiency in their chlorophyll-absorbing power. Noticeable 
interference between palisade cells and spongy parenchyma occurs when 
the entire leaf shows light green color with small streaks of darker green. 

4. In the leaves in which dark green tissue is intermingled with normal 
green tissue no peculiar variations can be found. The deeper color is due 
only to the greater accumulation of chlorophyll in the chloroplasts. 

5. The structural aspect of the leaf with mosaic appearance is more 
complicated. The four areas, colorless, light green, dark, and normal green, 
intermingle throughout the leaf structure. The structure, however, is 
just like that of the preceding color sections except the dark green areas. 
Strong disturbance takes place in all tissues: the distinction between 
palisade and parenchyma cells disappears and the chloroplasts aggregate 
in groups, and sometimes coagulate, giving rise to a bluish green color. 
Moreover, chlorophyll diffusing out into the cell sap produces a deeper 
green color. 

6. The minimum time limit for inducing leaf abnormality by x-rays 
is 3 or 4 minutes’ irradiation under the following conditions of radiation: 
100 peak K.V., 5 ma. current, no screen, 30 cm. focal distance. 

7. X-ray injuries seem to be localized and confined to directly treated 
regions, and to definitely localized cellular tracts. The apparent injury 
and structural modifications are both localized. 

These experiments were performed at the botanical laboratory of the 
University of Chicago. The writer expresses his thanks to Professor C. A. 
Shull for his kindness in suggesting tliis problem and for his advice in 
carrying out the experiments. 

Ooij:.niB or Aaut!ui.TUBK 

Tokyo Ikpkbjai. UNmcsstTr 
Tokyo, Japan 
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OBSERVATIONS ON THE CRACKING OF CHERRIES" 

Z. I. Kkbvisz and B. B. Nxbxl 
(with one etoube) 

Introduction 

The cracking of the fruit is an important problem in most sweet eheny 
districts. Precipitation during harvest often occasions to growers heavy 
losses from cracking. 

There is little information on this subject in the literature. BUbtman 
and BuUiis ( 4 ) find that in sweet cherries moisture absorption occurs 
through the roots or through the epidermis of the fruit itself following 
increased osmotic pressure caused by increases of sugars and soluble solids. 
Veeneb and BiiODOEtt (9) find that cracking in sweet cherries is due to 
absorption of water through the skin of the fruit. This is influenced di- 
rectly by the osmotic concentration of the fruit juice, the skin of the fruit, 
and skin permeability. Gardneb, Bradford, and Hooker (3) suggest that 
elasticity of the skin may be a controlling factor in cracking of fruits. 

In the present paper results are reported of cracking tests on cherries 
of different varieties, together with anatomical and physiological observa- 
tions. The problem is yet far from an actual solution. It is believed, how- 
ever, that a few points established and some physico-chemical relations 
suggested warrant preliminary publication, especially since these studies 
cannot be continued in the near future. 

Morphological considerations 

Five cherries from each of seven varieties and from one seedling (Bing, 
Lambert, Napoleon, Giant, Schmidt, Yellow Spanidi, English Morello, and 
an Fi seedling, Lambert x Schmidt) were selected and fixed in a weak solu- 
tion of acetic acid, formalin, and alcohol. Longitudinal strips were cut 
in such a way that microtome sections could be made equatorially in the 
neighborhood of the ventral suture. Sections were stained with hematein. 
Measurements of the epidermal cells were made with an adjustable Spacer 
ocular micrometer. The subepidermal cell layers were measured by drawing 
them with a camera lucida upon uniform stock paper, numbering each cell, 
cutting out approximately 20 cells at a time, and calculating the area from 
the weight. The cubic content was calculated by multiplying the square root 
of the sqtiare value with the latter, this being admittedly a rough appromma- 
tion only. 

I Approved by the Director of the New York State Agrionltural Experiment Station 
for pnblloation ae Journal Paper no. 62, December 13, 1934. 
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An arbitrary distinction is made in that cells from the single surface layer 
only, covered by the cuticle, were measured as epidermis. All secondary 
layers of epidermal cells from the outermost one inward to the parenchyma of 
the flesh proper are called subepidermis. This definition is necessary because, 
as pointed out by Stevens (8), it is often impossible to distinguish sharply 
between epidermis and snbepidermis. The size of the epidermal cells in the 
seven varieties and one seedling used in this study was measured, but no 
correlation could be found between size of cells and extent of cracking. For 
instance, English Morello and Bing showed relatively small epidermal cells 
while Napoleon and Yellow Spanish showed relatively large epidermal cells, 
yet English Morello and Yellow Spanish resist cracking while Bing and 
Napoleon crack severely. Furthermore, the sour cherry Montmorency, 
which does not crack, has epidermal cells similar in size to those of Bing, 
Lambert, Giant, and Schmidt. 

While no correlation could be found between the size of epidermal cells 
and cracking, an unexplained positive correlation seems to exist between 
the thickness of the inner wall of the epidermis and the extent of cracking. 
The results are shown in table I. 

TABLE I 

Relative thickness of innek wall op bpidkkmis op 8 cnESBv varieties 


1 

Vakiety j 

i 

ReIaATIVE 

THICKNESS 

Lambert j 

100 

Bing 

95 

Lambert x Schmidt . . | 

95 

Napoleon 1 

95 

Schmidt 

93 

Cfiant 

88 

Yellow Spanish 

78 

English Morello 

76 


Average probable error of mean app. 7 per cent. 

The cells of the subepidermis are fairly prismatic in outline. The sub- 
epidermis is 3 to 7 cells deep. 

Table II shows the outstandingly large subepidermal cell size for Yellow 
Spanish and English Morello which do not crack ordinarily. It appears 
that firmness and proneness to crack increase with decreasing size and 
increasing number of subepidermal cells per unit area. Perhaps this find- 
ing is in harmony with Dobsey (2) who noted that the tensile strength 
of the skin of peaches depends upon the snbepidermis or deeper layers 
which show pronounced lateral stretching during growth. 
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TABLE II 

BBLATIVX BIZB or BUBmOEEUiil. CELLS and depth or SCBEPIDEBUAL LATEE 
(AVEBAOE raOK S CHEEEIES) 


Vahiety 

! 

No. or CEUiS 

DRAWN FOB 
MEAStREMBNT 

1 

Avebaoe bela> 
TIVR SIZE or 
StNGLECZUf 

Average RELA- 
TIVE DEPTH or 
sttbepidebmal 
LAYER 

Lambert .. 

216 

100 

100 

Schmidt 

295 

128 

105 

Giant 

224 

140 

135 

Napoleon i 

163 

151 

129 

Bing i 

239 

362 

152 

Lambert x Schmidt | 

218 

166 

141 

Yellow Spanish 

218 

243 

152 

English Morello 

143 

350 

252 


Average probable enoi oi means ± 10 per cent. 


The average depth of the subepidermal layer was found to be greatest 
in English Morello and least in Lambert (table II). The total absolute 
depth ranges between 0.125 and 0.25 mm. Compared with the total volume 
of the flesh of the cheriy, this magnitude is small. These findings are in 
harmony with those of Kosmanopf ( 6 ) . 

Cross sections of the flesh of sour cherries sliowed an even distribution 
of large cells measuring from 200 to 350 p in diameter. The essential point 
is that most cells of the flesh proper are of the same size. In the firm- 
fleshed sweet cherries, on the other hand, groups of large cells are regu- 
larly interspersed with groups of cells of i or ^ the diameter of the larger 
ones, the smaller cells measuring only from 50 p to 150 p in diameter. 
While the largest cells of the flesh of firm-fleshed cherries are fully as large 
as those of the flesh of sour cherries, the average cell size of the firm-fleshed 
sweet cheery is only about 1 to that of the sour cherry. The vascular 
bundles are very much more pronounced and cover a much larger area 
in cross section in the sweet firm-fleshed cherries than in sour cherries. 

Physiological considerations 

Cracking of cherries in water and in sugar solutions 

During the season of 1933, ten varieties (Bing, Lambert, Napoleon, 
Emperor Francis, Giant, Schmidt, Yellow Spanish, Royal Duke, English 
Morello, and Montmorency) and an P, seedling, Lambert x Schmidt, were 
tested for cracking. 

From each of these sorts, 25 selected cherries with the stems attached 
were submerged for 2, 6, and 16 hours in water and in solutions containing 
5, 9.6, 14.1, 18.6, and 28.2 per cent, of sucrose. The cherries were wetted. 



TABIiB III 

Summary of grackiko tests, 1933 ' 
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dried, and weighed both before and after sabmeraion. Befractometer read- 
ings were made with a Zeiss hand-ref raetometer on Juice expressed froih 
at least 10 cherries. The results of the tests on a few varieties are shown 
in table III. 

Less cracking occurred when the cherries were placed in sugar solu- 
tions than in water. No cracking was observed after 18 hours in the 23.2 
per cent, sucrose solution. Cracking in most cases increased with progres- 
sive ripening. "Within any one variety, however, no correlation between 
the increase in weight of a cherry and cracking could be shown, except 
in the ease of Lambert. No cracking occurred on any cherry lighter than 
5 grams in weight. Individual sour cherries weighed approximately 4 
grams. 

Increase in weight was independent of cracking as expressed by an 
index of cracking calculated after "Verneb and Blodgett. The index was 
more than 125 for tests on sweet cherry varieties as compared with an 
index of less than 88 for samples of Montmorency and 66 for a sample of 
Royal Duke, both of which showed no cracking. There was a definite 
water uptake from sugar solutions at all concentrations used. 

The refractometer readings on the juice did not show any relation to 
the cracking of the cherries in different samples as represented by the 
"V^EBNEB and Blodgett cracking index. Chemical sugar determinations on 
the juices on which the refractometrie readings were taken showed that 
the readings in the sweet cherries were about 6.5 per cent, higher than 
the sugar content. Habtman and Bcllis state that there is a close rela- 
tionship between changes in soluble total solids and the changes in total 
sugars, since the increase in soluble solids is largely an increase in sugars. 
In the studies of "V'ebneb and Blodgett the cherries of one variety picked 
from one tree gave very regular results with regard to increase in total 
solids, total sugars, and cracking. On the basis of the present results, it 
is believed that this was a coincidence because both sugar content and crack- 
ing commonly increase with advancing maturity. 

The increase in weight of the cherries immersed in water showed no cor- 
relation to the total solids contained in the juice. 

Differences in water holding capacity of the sweet and 

SO0B CHEBBT PULP 

Chenies were put through a “Seprosive” which caused thorough crush- 
ing of the tissues and also removed the stone and skin by pressing the pulp 
through a 0.5-mm. sieve. From the resulting mass, which could be well 
pipetted, 25-cc. samples were placed in wetted folded filter paper inserted 
into a funnel. The rate with which the liquid passed through the paper 
was determined by reading at intervals the amount of liquid a<%umnlated 
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in a graduated cylinder. The results obtained on four varieties of cherries 
are shown in figure 1. 



In all of these tests large differences were observed between sweet and 
sour cherries. As one would expect, the more watery sour cherries after 
60 minutes retained only a small fraction of their original water content 
while the more fleshy sweet cherries yielded barely i of their original 
water content. 

Further experimental evidence shows that the difference observed was 
caused by the colloids present. The 25-gram samples of the pulped cherries 
were treated with 0.6 gram of a mixture of highly active pectic, amylolytic, 
and proteolytic enzymes for 30 minutes and the mixture poured on to the 
filter. The water-retaining capacity of the sour cherries, as indicated by 
the results obtained with Montmorency, showed no significant difference 
after enzyme treatment. The pulp of the sweet cherries showed a marked 
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change, however, inasmuch as it filtered much faster than without the 
enzyme treatment. In a few cases, after longer than 30 minutes of treat- 
ment by the en^me, the water passed through at a rate almost equal to 
that of the sour cherries. 

The importance of these experiments lies in the fact that they show 
to what a great extent the water-holding capacity is influenced by the 
colloids present. They prove that the great difference in the water-holding 
capacity of sweet and sour cherries with only a slightly different content 
of total solids is caused by the colloids of the sweet cherries. 

Some work has been done by the senior author on the differences in the 
chemical composition between sweet and sour cherries, especially as regards 
sugar and pectins, which shows that both of these constituents are present 
in a lower percentage in sour cherries. These results, however, are deter- 
minations of a single date only and would mean more if progressive changes 
in the cherries in several of these constituents were followed throughout the 
growing season. 


Discussion 

The morphological studies showed a difference in the subepidermis of 
crackmg and non-cracking cherries. The fact that non-cracking cherries 
showed relatively large cells in the subepidermis does not explain the phe- 
nomenon of non-cracking mechanically. A structure built of smaller units 
would be expected to have relatively higher tensile strength. The skin 
(epidermis and subepidermis) of firm-fleshed sweet cherries is probably 
stronger than that of soft-fleshed sweet and sour cherries, but not suffi- 
ciently so to overbalance the relatively higher expansion force of the flesh 
of the former. In this case also a physical study of this factor should 
be made upon the isolated tissue but with consideration of the natural 
forces acting on it in situ. 

A search of the horti<;nltural literature fails to give any useful informa- 
tion on the permeability of the skin of cherries to water. The morpho- 
logical studies here reported fail to indicate any difference in the structure 
which might have a bearing on permeability. 

At present it is considered hazardous to correlate cracking in cherries 
with morphological findings beyond the distinctions which separate firm- 
and soft-fleshed groups of varieties which, for practical purposes, are 
obvious without the use of a«mierotome. 

So far as the writers are aware, the swelling of cherries when immersed 
in water has been attributed solely to osmotic absorption of water through 
the skin of the fruit. It is stated by Yebnbb and Blodgett, and by 
Habtman and Bullis, that the highest sugar content of the cherries was 
not always associated with the most severe cracking. The discrepancy in 
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tUs respect is most apparent at full maturity. The changed turgor is 
said to be responsible for this phenomenon. It is most plausible to presume, 
however, that absorption by the flesh of cherries and probably also turgor 
in general is only partly caused by osmosis. The swelling of the colloids 
present in plant tissues may be responsible for a certain part, if not the 
major part, of the turgor. The enlargement of certain plant parts, 
especially of fruits (in a broader sense), is caused mostly by the formation 
of succulent plant tissues which carry at any time a definite proportion 
of water. At least a part of the materials present are formed in the 
fruit itself, causing considerable changes in the water requirements of 
the tissue at the time of their formation. 

It has been suggested that the different behavior of the colloids of sweet 
and sour cherries might be the result of diversities in their actual acidity. 
The studies of Caldwell (1), however, showed that there is not much 
difference between the hydrion concentration (pH) of sour and sweet 
cherries. It is more likely that the qualitative and quantitative differences 
in the colloids are responsible for the differences in cracking. 

The water-holding capacity of any plant or plant tissue is, under 
normal conditions, only partly satisfied. This saturation deficit is indicated 
by the quick swelling of plant materials not only in water but also in 
solutions of considerable concentrations (Iljin 5). This phenomenon can 
be observed on all varieties of cherries at any stage of maturity because 
they all take up water when immersed in it. 

There are reports in the literature on the high pressures exerted by 
swelling colloids. Swelling starch, for instance, can produce a pressure of 
over 2000 atmospheres (Kostychev 7) and many other colloids show a 
similar behavior. 

It is considered likely that attraction for water by the cherry fruit is 
caused by the constituents of the cell walls. As the morphological studies 
have shown, these materials are present in larger quantity in the firm-fleshed 
sweet cherries. Since the sugar content of firm sweet, soft sweet, and sour 
cherries is not appreciably different, and since the attraction of the pulp 
for water does vary, this variation is held to be due to differences in the 
colloid content of the fruit and is considered responsible for the cracking of 
cherries. 


Summary 

1. The size of the subepidermal cells in cherries which are prone to 
erimk is appreciably smaller than in those which do not crack, the number 
of subepidermal cells per area being correspondingly larger. 

2. In cherries which tend to crack, the large parenchymatous cells of 
the fl^ are more frequently interspersed with smaller cells, thus decrees- 
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ing the average cell sise considerably. In the non-cracking types cammed, 
the average cell size of the flesh is relatively larger and more nniform. 

3. The size of cells of the epidermis is not correlated with proneness to 
crack. Thickness of the inner wall of the epidermis is positively correlated 
with cracking. 

4. Both the rate and extent of cracking of cherries are lessened when the 
fruits are immersed in sugar solutions instead of in water. No cracking 
could be observed on cherries immersed in 23.2 per cent, sucrose solution, 
and only 19 per cent, of the samples which cracked in water cracked when 
immersed in 18.6 per cent, sucrose solution for 18 hours. 

5. All cherries used in this study took up water when immersed in 
water or in sucrose solutions. Although no correlation between water 
uptake and cracking could be shown within one variety, the cracking and 
non-cracking cherries formed two distinctly separate groups, the water 
uptake in the latter group being much lower. This fact indicates a differ- 
ence in saturation deficiency of the cherries of the two groups. 

6. It is suggested that the cracking of cherries is caused by the forces 
of the swelling colloids of the flesh rather than by osmotic forces. 

7. In the foregoing statements, “cherries prone to crack” is roughly 
equivalent to hard-fleshed varieties, “cherries not prone to crack” grossly 
corresponds to soft-fleshed varieties. 

New York AaBXcmzrDBAL Expuouent Statiok 
Geneva, New York 
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STREAMLINE FLOW AND THE MOVEMENT OF SOLUTES 
IN THE TRANSPIRATION STREAM 

B. C. McLkan and L. B. Hcttchinqs 
Introduction 

The classic experiment of Askenast (1, 2), illustrating the pull exer- 
cised by an evaporating water surface, consists, as is well known, of a 
thistle funnel closed at the wide end by a plug of plaster of paris, made air- 
tight, if necessary, by ringing with gold-size. The funnel is filled with well 
boiled distilled water, and inverted into a vessel of mercury. As the 
water evaporates from the upper surface of the plaster plug the mercury 
rises pan passu at the lower end of the tube, and might be expected to 
reach eventually barometric height, less the vapor pressure at the prevailing 
temperature. Actually the surface tension and the molecular cohesion of 
the water draw the mercury to much greater heights. Askenast observed 
a rise of 89 cm. at a barometric pressure of 73.5 cm. Urspbuno, in a series 
of papers (7, 8, 9, 10, 11), made more extensive observations and obtained 
a rise of 135 cm. above barometric height, in glass tubes, and of double 
barometric height in liane stems used as tubes. In all cases, bubbles are 
formed eventually and the cohesion breaks down. 

The rate at which the mercury rises depends, of course, primarily on 
the rate of evaporation and secondarily on the ratio between the area of 
the evaporating disc and the cross section of the tube. The rate, however, 
is not exactly equivalent to the rate of removal of the water. Nordhausen 
(3) has shown that an evaporating surface can raise water from a vacuum, 
i.e., develops beneath it a negative pressure of at least one atmosphere. 
Our own experimental comparisons of the weight/volume ratio during the 
rise of the mercury column showed a diminution in the density of the 
water of as much as 10 per cent., so that as the experiment proceeds an 
increasing negative pressure develops in the water, long before barometric 
height is reached, which tends to withdraw the water menisci from the 
pores of the evaporating surface and thus check the rate of flow. 

The existence of this negative pressure can readily be shown by using 
a thistle funnel with plaster plug, the stem of which dips into mercury 
in a closed filter flask. The fladc is partly evacuated and time is then 
allowed for a negative pressure to establish itself and for the mercury 
to rise a short distance in the stem of the funnel. On admitting air to 
the flask the mercury rises with a sudden bound upward, often to twice 
its previous height, in replacement of the contracted water column. 

778 
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Procedure 

If, during the course of the Askenasy experiment, a small amount of 
a strongly colored solution is introduced at the bottom of the tube by 
means of a curved pipette, so that the solution floats above the mercury, 
it will be observed that the upper surface of the colored layer does not 
rise as a level surface, but is drawn up in a delicate axial thread of color 
which advances at a surprising speed and reaches the top of the tube in 
a few minutes, even at low rates of evaporation. An array of dyes was 
tested in this way and it was found that the rate of rise was independent 
of the molecular weight of the dye used, and is therefore not a simple 
diifusion phenomenon. Moreover, the characteristic movement is absent 
in tubes sealed at the top. 

For our experiments the original arrangement of the apparatus was 
modified only by the addition of an adiathermic shield, formed of a wide 
glass sleeve filled with a saturated solution of nickel sulphate. As each 
funnel has its own characteristics, compared tests were always made with 
the same funnel. 

Observations 

The apex of the column is sharply defined and usually obtuse. The 
latter point is striking. The appearance is different from that which one 
sees on applying a hydrostatic suction to the upper end of the water column 
when the color is drawn up axially in fine vanishing point. In this latter 
case, neutral red introduced over a 2-inch column of mercury forms a 
dense layer, with no streaming, until gentle suction is applied by opening 
a capillary siphon attached to the top of the tube. As soon as flow starts 
the color is immediately drawn out along the median line, forming a 
narrow cone with straight sides, which lengthens out so long as flow con- 
tinues. When the siphon is closed the flow stops and the color sinks slowly 
back by gravitation into a uniform diffusion gradient. Left thus undis- 
turbed the color took two weeks to reach the top of a 2-foot tube. 

The rates of rise observed for the axial column of color are given in 
table I. 

The rates of flow are linear until the top of the tube is reached, irre- 
spective of the dye used. 

The air temperature of the laboratory varied throughout the experi- 
ments, but the mean deviation of the averages for each group of tests from the 
average for the whole series was only 1.0° C., so that temperature changes 
cannot account for the observed differences. 

Although experiments with sealed tubes and siphons, referred to above, 
show that the phenomenon is not one of diffusion pure and simple, there 
is a general relation between the diffusibility of the dyes and the rate of 
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TABLE I 

Bibb of dybb ik Abkxnaby txtbes* 

(AVBEAaSB OF TBBBB 0BSB&VATI0N8 IK BAOH CASE) 


Dye USED 

'M.OhicULAS, 

WEIGHT 

AvBBAGE TIICB TO BISB 10 INCHES 
(HALF LENGTH OF TUBE) 

Thionin 

263 

24 minutes 31 seconds 

Neutral red chloride 

288 

12 minutes 53 seconds 

Methylene blue 

319 

10 minutes 47 seconds 

Safranin ... . 

350 

6 minutes 25 seconds 

Bismarck brown 

418 

3 hours to 6 inches only 

Janus green B ... 

422 

20 minutes 39 seconds 

Methyl violet 6B 

482 

14 minutes 45 seconds 

Benzopurpurin . . 

628 

No rise 

Congo red . . . 

696 

42 minutes to 4 inches only 

Trypan red 

766 

60 minutes 0 seconds 

Trypan blue 

966 

No rise 


* Height of mercury in each ease before introduction of dye, 1.4 inches. 

Height of mercury after introduction of dye, 1 inch. 

Quantity of dye (0.5 per cent, solution) introduced, 0.3 cc. 

Mean air temperature, 18.4‘> C. 

rise. Some of the dyes used are colloidal or semi-colloidal, and their solu- 
tion aggregates are apparently too heavy to be raised in the flow lines of 
these tubes. Such are benzopurpurin, Congo red, and trypan blue, as table 
II shows. 

Theoretical considerations 

The comparative rate of rise, however, is only of secondary importance 
in consideration of the remarkably rapid movement of practically all the 

TABLE II 

COMPABISOK OF BATE OF BIBB AND BIFFUSIBILITT 


DY£8 in ORDEB of RATE OF RISE 

ObDEB of DIFFUSroiLlTY INTO 

10 FEB CENT, gelatin 

1. Safranin 

1 

2. Methylene blue 

2 

3. Neutral red chloride 

4 

4. Methyl violet 

6 

6. Janus greeu 

5 

6. Thionin 

3 

7. Trypan red 

8 

8. Bismarck brown 

7 

9. Congo red — 

10 

10. Trypan blue ...» 

9 

11, Benzopurpurin 

11 
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dyes, in the axial line. This appears to be due to the actual vertical 
flow of the water column and finds its explanation in the classic researches 
of Reynolds (6) on water flow in parallel-walled channels. 

In Reynolds' experiments the colored fluid was introduced into the 
water current from a fine jet near the inlet end of the flow tube. At low 
speeds the color was drawn out into a fine axial thread, but as the rate 
of water flow increased the thread showed disturbance, due to eddies, near 
the outlet. This turbulent flow gradually approached nearer to the inlet 
end, until at a given speed the whole flow became turbulent. If the rate 
of flow was again reduced, it was found that the turbulent flow again gave 
place to linear flow at a fairly definite velocity, called the critical 
velocity.’’ 

No sign of turbulent flow was observed in our experiments. This was 
according to expectation, for the flow due to evaporation is extremely 
slow and well below the critical velocity. 

We may conclude that the flow’ of water in xylem vessels, in common 
with that in the experimental tubes, is purely of streamline type. The 
following considerations will make this clear. 

In streamline flow, the inertia forces are small compared ivith the 
tangential frictional forces betw’een neighboring layers of fluid. Calcula- 
tions of the rate of flow, based purely on viscosity, agree so well with 
experimental observation that the reverse calculation is used as a standard 
method for measuring viscosity. When a fluid is moving over a smooth 
plane surface, the layer actually in contact with the surface is at rest, 
and each successive layer outward moves with greater velocity, i.e., there is 
a velocity gradient normal to the surface. If v is the velocity parallel 
to the surface at any distance, y, measured perpendicular to the surface, 

dv 

then the velocity gradient at the surface is given by 

Applying this to flow in pipes, Reynolds found that the critical velocity, 

VeSp 


Vo, occurs under all conditions at a constant value of the ratio • 


where 


8 = the diameter of the pipe, p = the density of the fluid, and p = the 
viscosity coefficient. This ratio has come to be knowm as the Reynolds 
number. It is valid for all conditions of flow and with all fluids, and its 
average value is 2000. As a ratio it is non-dimensional. 

26 

The mean critical velocity for water is therefore 2000 x*~ =:-x-at 15® C., 

Qp Q 

where S is the diameter of the pipe in centimeters. The critical velocity is 
therefore inversely related to the diameter of the tube. Assuming a 
diameter of 1.0 mm. for a xylem vessel, as an extreme case, the average 
critical velocity for water at 15® C. in such a tube would be 2.6 meters 
per second, which is well above physiological limits. 
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If, therefore, we are entitled to assume a condition of streamline flow 
as existing normally in xylem channels, then the difference between the 
axial and the average velocities in the moving columns of water in the 
vessels becomes a matter of considerable physiological importance. 

OwER (4) , discuHsing Betnouis' work, points out the conditions for the 
determination of this difference. Consider any cylindrical element of 
radius r, assumed to lie in the axis of the pipe, the upstream end being 
denoted by A and the downstream end by B, the distance between them 
being dl. The pressure on A = p and on B = p — dp. The case is the same 
whether a positive pressure be applied to A or a negative pressure to B. 
The pressure difference maintaining the motion of AB is then nr’dp. This 
quantity must equal the retarding force of fluid viscosity acting on the 

• • dv 

exterior of the cylinder, that is to say 2nrdln when v = the velocity of 

flow at radius r. 

Therefore 


and 


nr®dp = 


-2jTrdlM^ 


( 1 ) 


dp _ 2ji ^ 

dl " r dr 


( 2 ) 


As the pressure does not vary across the section of the cylinder, 


d^ 

dl 


is constant for given conditions, and as velocity in streamline flow varies 
2 dv 

only with r, then is a function of r only. 


Now ^ may be written as equal to 


where p, and Pj are the 


respective pressures at each end of 1. 


Therefore - • rdr = -2ndv (3) 


Integrated from r = 0 to r = R the full radius of the tube, 


Pi -Pa A- 
1 R*“ 


-2|i(VR-V»), when V* = the velocity at the axis, and, as the velocity at 
the wall of the tube is zero, Vr = 0 and 


Thus 


Pi -Pa 4 mV> 
1 " R» 


(4) 


Vr = -2i^ (R*-r*) (5) 

4 ijl 

which shows that the distribution of velocity according to radius is para- 
bolic across the tube section. 

Also, from equation (4) we have 
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v.= 2|:^.r» (6) 

Prom the classic formula for absolute viscosity : Volume flowing in unit 

time= volume flowing in unit time also = TTR*Vm where 

o p 1 

Vm is the mean velocity of flow. 


Therefore the mean velocity, Vbi = — 7 ^ R* (7) 

O 1 

so that the axial velocity (equation 6) is twice the mean velocity. 

Even where the absolute amount of flow is slight, there will be a rela- 
tively rapid movement of the axial column of liquid, as is evidenced by the 
rapid ascent of the dye solution in our experiments. Comparison of obser- 
vations, made with the same apparatus, of the halfway rise of neutral red 
chloride at varying rates of evaporation, as measured by the number of 
minutes taken by the mercury to rise from zero to 1 inch, show, however, 
that the relationship is not so simple as the preceding reasoning suggests. 
According to equation (6) the relationship of axial velocity to pressure in 
the water column is directly linear. When the times of rise are plotted 
against rates of evaporation, however, the points show, although with con- 
siderable scatter, a convex distribution with a mode near the 1000-miuute 
line, under the conditions of the experiment. On either side of this line the 
rate of dye ascent increases, with the paradoxical result that increasing the 
rate of evaporation from say 2000 to 1000 minutes per inch of mercury may 
have the effect of decreasing the rate of dye ascent, and vice versa. Any 
movement toward the mode, from either direction, is a move toward slower 
rates of ascent. 

It is also found that extreme reduction in the rate of evaporation, short 
of absolute stoppage, has comparatively little effect on the rate of dye 
ascent, although it reduces the amount of dye raised. Thus, in one case 
where the mercury took 8 days (11,150 minutes) to rise from 0 to 1 inch, 
neutral red, when introduced at the end of this period, rose 10 inches in 10 
minutes and 30 seconds. 

In the other direction, the rate of ascent increases rapidly as the evapo- 
ration increases, until a point is reached, not very exactly defined but in the 
region of the 200-minute rate, where the phenomenon appears to cease al- 
together, although the rate of water movement is still considerably below 
the critical velocity. This result, at first sight surprising, may be deduced 
from the consideration of equations (5) and (6). 

From equation (5) it will be seen that as Pi-Ps, increases V, will in- 
crease toward the limiting case, determined by the Reynolds number, where 
streamline flow ceases. At this point v, = v« and the radial gradient of 
velocity disappears. As this condition is approached r® diminishes and r 
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therefore becomes vanishingly small some time before the limit is reached ; 
that is to say, the axial movement is restricted to a line of water too tenuous 
to draw up any observable amount of dye. The surface of the dye layer 
will therefore appear to remain undisturbed until true turbulent jBow sets 
in. This corresponds presumably to the region of instability found by 
Stanton and Pannell (6). 

Conversely it may be seen that as p^ - p^ diminishes, with lower rates of 
evaporation, the consequent diminution of Vr may be compensated by the 
diminution of r^. Keference to equation (1) shows that r is a more impor- 
tant factor in the equilibrium of force against viscosity than v, the velocity, 
and that equilibrium will be more economically maintained by changes of 
r than of v. With diminishing r one might tlierefore expect v to be main- 
tained down to low values of p^ - p^. 

A point of particular interest is that, in the evaporating system of the 
Askenasy tube, there may be a movement of material against a concentra- 
tion gradient. If a small quantity of dye be introduced at the base of the 
tube the axial current will shortly draw it all to the top of the tube, where 
it accumulates, so that the latter fractions of the dye material are moving 
toward a region of concentration. 

Discussion 

The application of these ideas to the conditions of water flow in the 
xylem looks, in the firat place, to the cases u’here, under conditions of very 
low' transpiration, such as obtain in very humid and sometimes also in very 
dry situations, there is little or no negative pressure and the cell elements are 
full of w'ater. In any such case, short of complete hydrostasis, solutes will 
travel up the axes of the water channels at speeds considerably greater 
than the total measured water flow would suggest. 

Even where air bubbles are present in the vessels, the free water-air sur- 
face will still travel at a rate at least twice the mean rate of flow, which will 
itself be locally accelerated in such conditions by the restriction of the avail- 
able channel. 

Observations at reduced rates of evaporation suggest that under such 
circumstances a tension may develop which leads to axial rates in excess of 
twice the mean velocity. In the case just mentioned, for example, where 
mercury took 8 days to rise 1 inch, the dye rose 10 inches in lOJ minutes. 
Observations made under constant conditions of evaporation, but starting 
with the mercury at varying heights in the tube, also show a consistent 
increase of velocity of axial flow as the mercury level rises. 

The rate of flow is also slightly greater, under all conditions, in the 
upper part of the tube, but most markedly so when evaporation is reduced, 
that is to say under those circumstances where local tension is most likely 
to develop. The state of tension, most accentuated at the axis, reduces the 
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density and hence the viscosity, to which the velocity of flow is inversely 
related. 

Summary 

The problem of the diffusion of solutes in plants with very low rates of 
transpiration may be explained by consideration of the radial velocity 
gradient due to streamline flow in tubes. 

With low rates of flow, there is a parabolic velocity gradient normal to the 
walls of the tube, and an axial current of at least twice the mean velocity of 
flow. Experiment shows that these conditions are maintained, and even 
exaggerated at very low rates of water movement, and only disappear, in 
the one direction at complete hydrostasis and in the other direction at a 
velocity some way short of the beginning of true turbulent flow, which 
latter cannot, however, normally occur in the transpiration channels. Move- 
ment of the solute under these conditions may take place toward a region of 
concentration. 

University College 
Cardiff, Wales 
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UNFBBBZABLE AND FRBBZABLB WATBE EQUILIBRIUM 
IN PLANT TISSUES AS INFLUENCED BY 
SUB-ZERO TEMPERATURES^ 

Glenit a. Greathouse 

Introduction 

It is commonly accepted that with biocolloidal sj’^stems there is a definite 
temperature at which all of the freezable water will be frozen (7, 11, 6, and 
others). This temperature has been arbitrarily selected as about -18° to 
- 20° C. In studying one phase of a problem on winter hardiness in red 
clover roots, it was desirable to determine the amount of unfreezable water 
in these tissues. Thus an opportunity was afforded to test the preceding 
hypothesis with regard to this tissue by determining the amount of water 
which does not freeze at temperatures of - 10° to - 50° C. Potato tubers 
were also included in the study. 

Review of literature 

St.John (9) made a study of the unfreezable and freezable water 
equilibrium of the thick portion of egg white, employing the method of 
Rubner (7) as modified by Thoenes (11) and Robinson (6). He found 
that at - 5° C., 80 per cent, of the water present was unfreezable, while at 
- 10° C. only 35 per cent, remained unfrozen. Determinations at - 12.5° C. 
showed 25.8 per cent, of the water unfreezable. Prom this temperature on 
through - 35° C. he found a flat straight-line curve indicating that no more 
of the water was frozen at a temperature of - 35° C. than at - 12.5° C. 

Jones and Gobtner (3), using the dilatometer method on gelatin solu- 
tions, found that all of the freezable water w'as crystallized out at - 6° and 
no additional amount was removed at a temperature of - 50° C. With a 2 
per cent, solution the percentage of total water unfreezable was 9.35. At a 
temperature of - 44.4° C. the unfreezable water percentage was exactly the 
same as at - 6° C. They state that animal and plant tissues and related 
systems would probably behave like the gelatin system. It does not neces- 
sarily follow, however, that such would be the case for plant tissues. 

Jones and Gortner’s (3) data on inorganic hydrogels indicate that 
there was no temperature within the range of 0.0° to - 50° C. at which a 
lower temperature did not cause the crystallization of additional quantities 
of ice. 

1 The writer expreeees his appreciation to Dr. E. A. H<h.IiOWeIjI,, of the Forage Crop 
Division, II. S. D. A., for furnishing the clover seed used in this investigation and for his 
valuable suggestions in culturing red clover plants. 
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Methods 

A variety of methods have been used by investigators for determining 
the ratio of unfreezable to freezable water in organic materials. Of these 
the early method of MuLiiER-TnuROAtj (6), later modified by Rubner (7), 
Thobnes (11), Robinson (6), St.John (9), Sayre (8), and Meyer (4), was 
chosen. This is the calorimetric or heat of fusion method. It has been 
modified slightly to meet the requirements of this particular problem. The 
symbols and equation used follow in general those developed by previous 
investigations. 

The tissues used in the unfreezable water determinations were put 
through a Nixtamal mill. Portions were then taken for total and freezable 
water determinations, the total moisture being determined in a vacuum oven 
at 80° C. and 3 to 4 cm. pressure. The total moisture value was used in the 
unfreezable water calculations instead of the moisture determinations on 
the same following the calorimetric determinations, as has been done by a 
number of previous investigators. 

For the freezable water determination. 8 to 10 gm. of tissue were placed 
in a tared tinfoil cup, similar in construction to that used by Robinson (6), 
which was then placed in a tared weighing bottle. The whole was weighed 
accurately and placed in the low temperature cabinet at the desired sub- 
zero temperature. For the temperatures of -10° to -23° C. a specially 
constructed cabinet was used. For temperatures of -25° to -50° C. an 
alcohol bath, to which dry-ice was added to give the desired low tempera- 
ture, was employed. The inner container of tinfoil is essential in weighing 
the tissue and in making a quick transfer of the frozen tissue to the calorime- 
ter. It likewise aids in preventing (1) floating of tissue on surface of 
water in calorimeter, (2) evaporation of water from tissue during weighing, 
etc., and (3) heat of solution of any soluble substances while in the calo- 
rimeter. The outer container aids in the identification and transfer of the 
tissue from the sub-zero .temperature to the calorimeter with the minimum 
of time and exposure to room temperature. 

The determination of unfreezable water by the calorimetric method 
requires the establishment of a stable phase equilibrium at the desired 
sub-zero temperature. The value for unfreezable water varies with tem- 
perature, within limits, and it is important to maintain the desired freezing 
temperature constant, preferably with ±: 0.25® C., for a period of hours. 
The requirement of - 10° to - 23° it 0.25° C. was fulfilled in a special low 
temperature unit constructed by the Freas Electric Company. 

The freezable water samples were allowed to remain in the cabinet for 
10 to 12 hours. Triplicate samples with different time intervals indicated 
that the different phases had attained an equilibrium in this period. 
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The calorimeter consisted of a highly evacuated silvered Dewar flask, 
closed with a cork 3 cm. thick. Two holes were placed through the cork, 
one for the thermopile or Beckmann thermometer and the other for a spiral 
glass stirrer. Proper stirring of the liquid is essential to establish an 
equilibrium between the material and the liquid of the calorimeter. 

Exactly 300 gm. of distilled water were placed in the calorimeter. As 
soon as the w^ater had come to a temperature equilibrium with the calorimeter 
walls, glass stirrer, and thermo-elements, the frozen sample was introduced 
and the new equilibrium determined. The time required to reach equilib- 
rium for the 8 to 10-gm. sample w'as 8 to 10 minutes, with a constant rate of 
stirring. The temperature was measured by a Beckmann thermometer or 
by the use of a 15- junction thermopile attached to a Leeds and Northrup 
type K potentiometer. The thermopile w’as constructed of 28 gauge copper 
and eonstantan wii*e. It was possible with this thermopile and accessory 
equipment to measure 0.001"^ C. 

With the addition of the frozen sample to the water of the calorimeter 
there is a fall in temperature. In this investigation the heat lost by the 
water in the calorimeter is used in warming six different component parts 
of the system. Each of these quantities may be expressed as follow’s : 


(1) W, S, (T, - T« ) 

(2) W, S, (T, - T, ) 


(3) W, S, ) 

(4) W. S, (T , - T. ) 

(5) W, S. (Tf - T. ) 

(6) H, W, -- 


W, = weight of tinfoil cup ; 

Wj = weight of dry matter in sample ; 

Wb = weight of unfreezable water in sample ; 

W, = weight of iee in sample ; 

= total water in sample ; 

S, = mean specific heat of tinfoil for temperature range used ; 

Sj = mean specific heat of dry matter for temperature range used ; 
Sb = mean specific heat of unfreezable water for tem- 
perature range used ; 

S, = mean specific heat of ice for temperature range used ; 

= mean specific heat of water for temperature range used ; 

H( = heat of fusion of ice (79.75 calories) at ; 

T, = equilibrium temperature; 

T* = sub-zero temperature of sample ; 

freezing-point of w'ater in plant sap. 
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It is necessary to determine a correction factor for the calorimeter, 
since the walls of the calorimeter, stirrer, etc., absorb heat from the water 
the same as the components in the system. This correction factor was 
obtained by placing 8-10 gm. of water in the tinfoil cups, freezing at the 
desired temperature, and then transferring to the water of the calorimeter 
and determining how much heat was necessary to melt the ice and raise 
the temperature of the resulting water to the equilibrium temperature of 
the system. The values for the correction factor were plotted for the differ- 
ent sized samples. Thus the factor could easily be obtained for the sample 
that varied from 8 to 10 gm. For an 8-gm. sample the correction factor was 
found to be 1.085. 

It is evident that the loss of heat energy in terms of calories by the water 
in the calorimeter may be expressed mathematically as follows: (7) FNS^ 
(T„-TJ 

where F = calorimetric correction factor ; 

N = number of grams of water in calorimeter (300 gm.) ; 

Sw = specific heat of water for temperature range used (To - T®) ; 

To and Te = original temperature of water and equilibrium tempera- 
ture respectively. 

Specific heat determinations were made on the dried tissue, following 
the procedure previously outlined, except that benzene was substituted for 
the water in the calorimeter. It was found that the use of a liquid of lower 
specific heat increased the accuracy of the determination. The values used 
for the specific heat of pure benzene were secured by plotting a curve for the 
values as given in the International Critical Tables (12). 

The specific heat values for ice were taken from Dickinson and Osborne 
(1). The values for water above zero were taken from the Handbook of 
Chemistry and Physics (2). The specific heat values for water below zero 
were obtained by extending the curve of values from 0® to 30® C. as a 
straight line, assuming that the specific heat of water continues as a linear 
function, as has previously been done by Sayre ( 8 ). It is assumed that the 
specific heat of unfreezable water is the same as that of freezable water at 
the same temperature. 

Combining quantities 1, 2, 3, 4, 5, 6, and 7, equating and solving for 
Wj, the final complete formula becomes: 

_FNS, (T„-T.) - W,S,(T.-T.) + W,S,(T.-T.) +W,S,(T.-T.) 

H,- (S,-S,) (T^-T.) 

The values for T, and T^, being below zero, are indicated in the formula 
by a negative sign. The unfreezable water is determined by subtracting 
the freezable water from the total water, thus = W, - W,, 
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Results 

The temperatures used were from - 10" to - 50“ C. by five degree steps. 
In addition measurements were made at — 22“ C. The physical chemist ( 10 ) 
considers - 22“ C. as the minimum freezing-point of pure water under any 
set of equilibrium conditions. The data presented in table I show the 
variation in results for typical triplicate samples and indicate the accuracy 
of the method. 


TABLE I 

PZBCENTAOKS OF lINFRXEZABLE WATEK IN UNHASDXNKD CLOVXKS AT DIFFEKXNT StTB-ZXBO 
TBMPKEATCEEB (OHIO VABIETT) 


Sttb-zero tbmpbbature 
°C. ± 0.25 

Unfreezable water 

Total water 

Total solids 


% 

% 


[ 

20.502 

1 103.936 

-10 

1 

1 

20.548 

103.988 


1 

20.536 

103.926 


r 

12.011 

60.786 

-15 

1 

1 

13.940 

70.543 


[ 

14.501 

73.387 


r 

8.672 

43.883 

-20 

1 

9.555 

48.353 


i 

9.307 

47.101 


r 

7.057 

35.716 

-22 i 

1 

7.925 

40.106 

1 

i j 

7.279 

36.853 


Table II presents representative data that have been calculated from 
measurements made upon clover and potato tissue when exposed to tempera- 
tures from - 10" to - 50“. It will be noted that as the temperature de- 
creases from - 10“ to - 50“ C. (table II, A and C) in the case of the unhard- 
ened red clover root tissue, the unfreezable water value also decreases. A 
similar condition can be observed on the hardened-off clover root tissue 
between — 15“ and — 20" C. ; however, from — 20“ to — 25“ C. the unfreezable 
water value remains nearly constant. Part C of table II presents data to 
show the influence of very low temperatures upon the unfreezable water 
values. It will be noted that there is a lowering of the unfreezable water 
fraction with each five degree fall in temperature. This is especially 
marked between the temperatures of — 10“ to — 30“ C. The rate of decrease 
becomes slower with the lower sub-zero temperatures. Potato tissue (table 
II) behaves similarly to clover root tissue, with the exception that the 
unfreezable water ratio is shifted slightly farther to the right. 
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TABLE II 

Influence op sub-zebo tempbeatuees on peecentaoe op unpbeezable wATim in cloves 

AND potato tissue 



Sub-zero 

Unfreezable water 


Kind of tissue 


tempera- 

ture 



Total 


Total 

Total 

moisture 


®C. ± 0.25 

SOLIDS 




% 

% 

% 

Red clovee roots — 


-10 

20.53 

303.95 

83.50 

A : Ohio, uuhardcned, 

1 

-15 

13.48 

68.24 


same as B 


-20 

0.18 

46.45 



-22 

7.42 

37.56 




-15 

15.43 

78.06 

82.30 

B: Oliio, hardened, 


-20 

i.rif) 

68.17 


same as A 


-22 

14.03 

71.04 



-25 

13.65 

69.09 




-10 1 

14.47 

72.36 

81.81 



-15 

9.43 

52.04 




-20 

7.36 1 

38.66 


C: Unknown variety 
grown in deld, 
unhardoned 


— 22 

— ^ 

-30 I 

-35 

5.28 1 

' 2.66 1 
1.09 

2.11 

24.73 

14.23 

31.76 

12.84 

1 



-40 

1.95 

11.54 




-45 

3.50 

30.63 




-50 

1.43 

30.59 


I 


-10 

11.05 

47.33 

83.07 

D: Potato (Irish 1 


-15 

9.16 

38.18 


Cobbler) tubers 1 


-20 

7.75 

33.18 



-23 

5.59 

1 23.96 



Discussion 

A number of investigators have suggested that water binding in biologi- 
cal materials follows an adsorption reaction. The results of this investiga- 
tion indicate more nearly an equilibrium between the external force (low 
temperature) and internal forces of the tissue. 

The writer’s experimental data with plant tissues exposed to sub-zero 
temperatures do not follow exactly the generalizations of JoNSS and Goktner 
(3) on gelatin, or that of St.John (9) on egg white. The results of table 
II, parts A, C, and D, follow more closely the data that have been secured 
by different investigators on inorganic hydrogels ; whereas the data in table 
II, B, more nearly coincide with the findings of Jonbs and Gobtneb on 
gelatin and St.John on egg white. However, the constancy of unfreezable 
water values occurs at lower sub-zero temperature. 

There are indications that the same tissue (table II, A and B), when 
grown under different conditions, as temperature, will produce entirely 
different values for the unfreezable water value when the determinations 
are made at - 22° or - 25° C. 
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Summary and conclusions 

1. The hypothesis of Eubner (7), Thoenes (11), Eobinson (6), and 
others that biooolloidal systems have a definite temperature (~ 18° to - 20° 
C.) at which all of the unfreezable water will be frozen has been tested for 
plant tissues. This hypothesis is not supported by unhardened clover roots, 
but seemed to be by the hardened clover root tissue. The unfreezable water 
values decreased 1.40 per cent, for the cold hardened red clover roots wdth 
the lowering of the temperature from - 15° to - 22° C., whereas the unfreez- 
able water values of the unhardened root tissue decreased 6.02 per cent, 
over the same temperature range. 

2. With another lot of unhardened red clover root tissue there was a 
decrease in the amount of the unfreezable water expressed as the percentage 
of the total water, from 14.47 to 1.43 per cent, with the decrease of the 
temperature of - 10° to - 50° C. 

3. Potato tissue gave similar results to those of unhardened clover root 
tissue, with the exception that the unfreezable 'water values were lower for 
similar sub-zero temperatures. 

University or Maryland 
COLLEOK Park, Maryland 
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HORMONES IN RELATION TO ROOT FORMATION ON STEM 

CUTTINGS^ 

WiLLXAM C. COOPEE 

(with pour figures) 

Experimental work with one of the root-forming hormones, 3-indolyl- 
acetic acid, has for the most part been limited to root formation on pea cut- 
tings. This paper presents results obtained from applying the hormone to 
stem cuttings of other plants with the purpose of determining its practical 
value in propagation by cuttings. 

Pure synthetic 3-indolyl-acetic acid was used in all of the experiments 
and was applied to the cuttings by the lanolin method of Laibach (2) . One 
part of the hormone was mixed with 2000 parts of pure lanolin, in which 
it is soluble. A small portion of this paste — roughly about 10 mg. — ^then 
was smeared on a small area, about 0.5 x 0.125 inch, on one side of the cut- 
ting near the top which had previously been scraped to remove the epidermis 
and outer cortical layers. 


Lemon experiments 

Twigs of mature wood of the current and of the previous yearns growth 
were taken from a Eureka lemon tree on April 30, 1935, and were made into 
80 cuttings about 5 inches long and with 4 or 5 leaves. The cuttings were 
divided into 10 lots and treated as shown in table I. Girdling, when used, 
consisted of removing a complete ring of bark about 1 cm. in width at about 
1.5 in. from the base of the cutting. All leaves below the girdle were re- 
moved and, in the case of the treated cuttings, the hormone was applied above 
the girdle. Only the portion of the cutting below the girdle was placed in 
the sand. 

The results presented in table I and figures 1, 2, and 3 show that, in the 
case of ungirdled cuttings with leaves, the hormone not only caused greatly 
increased rooting as compared with controls, but accelerated rooting con- 
siderably. There was no very significant difference in the total number of 
roots formed by apical and basal cuttings of terminal growth and by cut- 
tings from the previous season’s growth ; apical cuttings of terminal growth, 
however, did form roots sooner than the other types of cuttings. 

As shown in table I, the hormone not only caused increased production 
of roots on cuttings with leaves, but also caused root formation on cuttings 
without leaves^ while on controls without leaves, no roots were formed. 

1 These iavestigatioiiB were conducted at the WUliam 0. Kercholf Laboratories of 
Biology, California Institute of Technology, and the writer is indebted to the workers ih-.^ 
these laboratoHes for supplying the hormone and other facilities. 
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$ All roots occurred on two cuttings which hud formed callus across girdle. 
$ All roots occurred on one cutting which had formed callus across girdle. 
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Fio. 1. Rooting of hormone-treated apical cuttings from terminal growth of the 
lemon. 

Halm A (1) reported the rooting of 4 lemon cuttings without leaves out of 
27 tested, but stated that the amount of roots produced was insignificant. 
This, however, was not the case with hormone-treated leafless cuttings, be- 
cause, as show’n in figure 4, a really significant number of roots was obtained. 
This is considered as good evidence that the formation of roots is influenced 
by a supply of root-forming substance as well as by a supply of food mate- 
rial. Leafy control cuttings which rooted probably obtained their supply 



Flo, 2. Booting of hormone-treated basal cuttings from terminal growth of the 
lemon. 
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Fig. 3. Rooting of control cuttings from apical and basal portions of terminal growth 
of the lemon : apical on right, basal on left. 

of root-forming substance from the leaves where presumably it is manu- 
factured. 

It may also be noted from table I that girdled cuttings wdth hormone ap- 
plied above the girdle did not form roots excifept in two instances where a 
callus had grown over the girdle and laid down new phloem tissue across the 
girdle. This evidence indicates that the hormone is transported in the 
phloem. Had the stem below the girdle been supplied with hormone, it 



Fig. 4. Rooting of leaflesB lemon cuttings: right side, untreated; others, hormone 
treated. 
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would have rooted, as the results with leafless cuttiugs showed that stems 
without leaves will root when a supply of hormone is available. 

These results with the rooting of lemon cuttings by hormone were so en- 
couraging that experiments are now in progress with oranges and grape- 
fruit, which are known to be more difficult to root than the lemon. 

Experiments with cuttings of other plants 

Results of experiments with cuttings of Lantana, fig, Acalypha, and 
Tradescantia are shown in table II. The Lantana cuttings were about 2 
inches long and consisted of one internode and one node (at top) with two 
subtending leaves. They were placed in sand in an outdoor sash-covered 
frame on March 10, 1935. The hormone-treated cuttings produced a much 
larger number of roots than the unti*eated cuttings. Most of the roots on the 
untreated cuttings appeared at the base of the cutting, while on the treated 
cuttings roots were scattered all over the internode, appearing mostly at the 
point of application of the hormone, even when the hormone was applied 
to a portion of the cutting above ground. 

Acalypha cuttings without leaves, planted in sand with bottom heat on 
March 19, 1935, had over six times as many roots on treated cuttings as on 
controls. As with Lantana, a large number of roots on the treated cuttings 
came out near or at the point of application of the hormone. 

The results with the fig presented in table II were obtained from 
dormant cuttings placed in sand with bottom heat on February 19, 1935. 

TABLE II 

Booting experiments with cuttings or other plants with and without the applica- 
tion or ROOT-rORMXNQ hormones 


Plant 

Weeks atter 

placing IN SAND* 

Average number or roots pee cutting 

Hormone-treated t 

Untreated 

Lantana 

4.0 

25.9 

3.4 


5.0 

35.7 

3.8 


7.0 

36.5 1 

24.5 

Acalypha 

1.0 

57.5 

9.3 

Fig 

2.0 

1.1 

0.0 


3.0 

8.9 

5.7 


3.5 

11.0 

6.1 

Tradcccantia 

2.0 

4.0 

0.0 

(intemodes) 

2.5 

6.3 

0.0 


* Ttadescaniia euttlnge were placed in tap water, all others in sand, 
t All treated and untreated lots conristed of 10 cuttings in all instances except 


Acalypha, which consisted of only 6 cuttings. 
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As with the lemon, Laniana, and Acalypha, the hormone-treated % cuttings 
showed increased rooting as compared with controls. 

Experiments with Tradescantia were made with intemode cuttings with- 
out nodes and leaves. These, when placed in tap water and treated with 
hormone, formed rOots within two weeks on the four internodes which were 
originally nearest the tips of the vine from which the cuttings were made, 
but did not form roots on the internodes which had been farther from the 
tip. No roots were formed on any of the untreated internodes. 

, These results show that treating with 3“iJ^<Jolyl-acetic acid not only 
increased rooting with cuttings that will root when untreated, but also caused 
the formation of roots on leafless lemon and Tradescaniia cuttings which do 
not ordinarily form roots. Other experiments are now in progress to deter- 
mine the effect of this and other hormones on cuttings of other plants with 
particular attention to cuttings from plants which are difficult to root, such 
as the apple. 

Division or Fruit and Vegetable Crops and Diseases 
Bureau op Plant Industry 

IT. S. Department op Agriculture 
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THE STOMATA AND TRANSPIRATION OF OAKS 
L. Edwin Yocum 
(with two figures) 

Introductory 

Stomata and transpiration are of fundamental importance in the water 
relations of plants. It is evident that the loss of moisture in transpiration 
is equally as important as absorption of water by the root system in plant 
survival. Our mesophytic plants must have stomatal protection against ex- 
cessive loss of moisture during drought. This is of paramount importance 
to us in our conservation work, where trees are being used as windbreaks, 
and to conserve moisture. Most of our knowledge regarding stomata has 
to do with herbaceous plants, as indicated by texts in plant physiology 
(Miller, 7, and others). Growth habits and therefore soil conditions are 
not the same for leaf formation on herbaceous plants as on trees. On trees 
most of the leaves grow simultaneously in the spring while on herbaceous 
plants they appear over a longer period. In herbaceous plants stomata are 
commonly on both leaf surfaces, but tree leaves have them usually only on 
the lower surface. 

Nearly all the water loss of plants occurs through the .stomata. Some is 
lost through the epidermis, and since the upper epidermis has thicker cell 
walls, it is probable that a little more water loss occurs through the lower 
than through the upper epidermis. Water passes freely through the sto- 
mata when open; in fact Browx and Escombe (2) have shown that water 
may be lost through the stomata as rapidly as though it were evaporating 
from a free water surface instead of through many small pores. Sayre 
(12) has shown that the rate of transpiration depends more on the perime- 
ter of the opening, than on its area, which is very important in the study 
of paiHy closed stomata. It is evident from their shape that the beginning 
of closure changes the perimeter verj’ little, and only the last few per cent, 
of closure will in many cases affect the transpiration rate, as found by 
Jeffreys ( 4 ). 

Methods 

The relation of the stomata to transpiration was measured by the cobalt 
chloride paper method, since it seemed to offer a more accurate measure 
than the actual observational measurement of tlie final stages of closure in 
percentaj^i^, Mature leaves on one to three year old Q. palmtris, Q. rubra, 
and seedlings grown outdoors, some in pots and some in seed 

bedi^ W(tt* used. Readings were taken at intervals of two hours or less over 
tw|aB^4wir hour periods. 

71V> 
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Stomatal counts were made on fresh leaves of the above seedlings and 
from mature leaves from trees with the aid of the ‘‘ultropak’’ microscope 
at 500 X magnification. Reed (10) has shown that immature leaves of 
citrus have many more stomata per mm.® than mature ones. At least ten 
leaves were used from two or more trees of each species. The trees were 
isolated individuals or at the edge of a group where they were freely ex- 
posed to light and wind. To select trees within a group would reduce the 
number of stomata, as Salisbury (11) found the number to decrease with 
the protection of the forest. 

The stomata were counted in a rectangle 200 [x by 150 jj, except in the 
case of the willow oak at 10 places on each leaf, or a total area of 0.3 mm.® 
per leaf. Areas having veins thirty jj or more in width were avoided. In 
order to get the average number of stomata, five counts were made on each 
side of the midrib as follows : near the base of the leaf ; near the midrib at 
the center of the leaf ; near the center of the halfleaf ; the edge opposite this 
point ; and near the tip. Counts were made on willow oak leaves only at the 
base, middle, and tip. 


Results 

During the day, with adequate soil moisture the cobalt chloride paper 
reacted over the lower epidermis in one twentieth to one tenth the time re- 
quired over the upper epidermis. At sunset the reaction time of the lower 
epidermis quickly changed to about one half the time on the upper side, but 
at sunrise it returned to daytime rates. Seedlings^ grown in a seedbed in 
1931 during a very dry period, when the soil moisture was below’ the wilting 
coefficient near the surface and a little above the wilting coefficient deeper 
in the soil, were found to have their stomata closed all day as indicated by 
their transpiration. The cobalt chloride paper required two hours or 
longer to change color on the lower surface and usually a little longer on 
the upper, due to the difference in epidermal cell walls. If they W’ere en- 
tirely closed it was thought that carbon dioxide would be prevented from 
entering and that photosynthesis w^ould be retarded. Leaves tested with 
iodine for starch at 4 : 00 p. m. on bright days gave a negative test for starch. 
A second seedbed was watered artificially and showed a high rate of trans- 
piration and an abundance of starch in the leaves. Two days after a heavj’ 
rainfall the seedlings in the dry bed showed rapid transpiration and photo- 
synthesis. A negative test for starch on a day favorable for photosynthesis 
appears to be a good test for all day total stomatal closure. 

The differences in stomatal numbers for various parts of the same leaf 
wrere small, but the base of the leaves always had the fewest stomata ; and 
in nearly all cases the region near the midrib had a lower number than the 

1 Besulte of studies made while employed by the Allegheny Forest Experiment Station, 
Philadelphia, Pa. 
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other parts of the leaf. No consistent differences were noted in the middle, 
edge, and tip counts, but in the total count the edge and tip were nearly 
0.25 per cent, greater than the middle ; the midrib, nearly 2, and the base, 
nearly 8 per cent, less. That is, in a general way the smallest number was 
found at the leaf base, and it increased toward the tip and edges of the leaf. 
Shaded leaves on mature trees and on seedlings always had fewer stomata 
than insolated leaves. 

Stomata are small but very numerous and the guard cells may cover 
more than fifty per cent, of the surface as is shown by Q. triloba (fig. 1), and 
forty per cent, in the case of Q. palustris (fig. 2). Small areas of Q, triloba 



Fio. 1. Q, triloha Michx., stomata and epidermal cells in an area of 0.0036 mm.! 



Fig. 2. Q. palvsiris DuBoi, stomata and epidermal cells in an area of 0.0036 mm.2 

have an average of more than nineteen hundred per mm.*, and the average 
for all counts was 1192 per mm.* This is exceeded to the writer’s knowl- 
edge only by Adamson’s ( 1 ) report of Veronica cookiana, 2200. Other 
species of Veronica had an average number of 250 to 400 per mm.* Fully 
opened stomata of Q. triloba are about five p long and one ^ wide, or about 

TABLE I 

Stomatal numbeks for Qvercvs sp. per mm.* 


Trees 


PLV8TR18 

DuBoi 

VBhVTINA 

Lam. 

RVBHA L. 

STBLhATA 

Wang. 

PHBIL08 

L. 

PRIBV8 L. 

COCCtNBA 

Wang. 

TRILOBA 

Michx. 

PIN 

BLACK 

RED 

POST 

WILLOW 

CHESTNUT 

SCARLET 

Spanish 

497 

580 

680 1 

693 

723 

1 890 





Beedlinos 

539 


836 

635 [ 
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one per cent, of the total surface of the leaf. Table I gives the average 
stomatal numbers for trees of eight species, and three seedlings. 

Stomata! counts were made at different elevations on two species of oaks, 
Q. palustris at 7, 17, and 60 feet, and Q, velutina at 7, 14, and 30 feet, taken 
from all sides of exposed trees. The results were similar for the two species. 
The data given for Q, palustris in table II are the average of 100 or more 

TABLE II 

Stomatal numbers roR a Qi ercus paltbtris DuRoi tree at three elevations 


Height 


Average number per 0.03 mm.2 por each region op leap 


ON TREE 

Middle ' 

Edge 

Tip 

! Midrib | 

Base 

Totals 

1 l^ER MM.2 

ft- 

7 

1 5.8o 

lo.So 

15.57 

) 

! 

15.36 ' 

14.21 

2154 

511 

17 

14.30 

14.20 

14.70 

14.65 

13.65 

1434 

481 

60 

15.40 

14.85 

15.30 

14.60 

) 

14.00 

1482 1 

494 

Average 

isli 

15.08 

15.25 

14.88 1 

13.96 j 

T9'6 


counts for each elevation. The number per mm.^ for each elevation is 
within three per cent, of the average number and while at 7 feet high tlie 
averages are higher, it is probably not significant. 

In order to examine further the relation of elevation to stomatal number 
the shoot of a three year old Q. palustris seedling was removed at the 
ground level in the winter, and a single sprout allowed to grow the follow- 
ing spring. On July 19, the sprout was forty-four inches tall. Stomatal 
counts were made at eight inch intervals from the ground as follows: 

Height from the ground, inches 8 16 24 32 40 

Stomata per mm.^ 410 430 450 503 533 

The leaves at the forty inch level were mature and had developed during 
July. This shoot had developed its leaves progressively as is (?ommon for 
herbaceous plants. 


Discussion 

The transpiration rate of the oaks studied showed that the stomata 
normally remain open throughout the day but close at sunset. With low 
soil moisture the stomata may remain closed all day even to the extent of 
preventing photosynthesis. This action of the stomata is very important 
as it indicates a maximum transpiration rate when soil water is available, 
justifying the statement sometimes made that trees are our natural 
humidifiers’’ ; and when soil water is so limited that mmy herbaceous plants 
would be seriously injured or killed, trees may resist drought for some time 
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because of the action of their stomata. Thus in addition to improving the 
physical conditions of the soil for the retention of soil moisture the oaks 
give off water rapidly when it is abundant in the soil but withhold it during 
drought. Maqness (6) has reported similar drought reactions for apple 
trees in the eastern states, and finds that there is a cessation of growth of 
fruit, but that the stomata rarely remain open later than noon on bright 
clear days, regardless of the soil moisture conditions. 

This difference in afternoon stomatal condition suggests interesting 
questions regarding the rate of photosynthesis in apples and oaks. Is the 
rate much higher for apples in the morning than for oaks, or is the total 
amount greater for oaksl Of equal interest and perhaps more important 
to conservationists is the water requirement*^ of trees, or as Maximov (6) 
prefers to state it, the ‘‘efficiency of transpiration.** Are we more inter- 
ested in the maximum humidifying power of the plant or in the maximum 
plant material produced with the available water? Scarth (13) has dis- 
cussed the problem of the stomatal influence on transpiration and photo- 
synthesis. 

The stomatal counts for the species recorded were made during the 
summer of 1934. During the previous six months, December to May, in- 
clusive, the total rainfall was greater than normal by more than six inches ; 
during only two months, January and April, was it slightly below normal, 
according to the U. S. Weather Bureau records for Washington. Excessive 
rainfall during the spring tends to decrease the stomatal numbers, according 
to Hirano (3) ; therefore the frequencies given in table I are lower than the 
number to be found during a dryer spring. The number of stomata found 
on trees growing in a dense forest would probably be lower because of the 
high percentage of shaded leaves, which were found to have fewer stomata. 
Hirano (3) points out some ecological relationships to stomatal numbers in 
citrus. The oak species examined in this study have not indicated a well 
defined ecological relationship ; however, the three species having the great- 
est frequency grow on dry’' soil. 

Trees generally have a higher stomatal frequency than shrubs or her- 
baceous plants as found by Salisbury (11), Haber (9), and others. Citrus 
has been studied extensively by Hirano (3), Oppenhbim (8), and Reed 
(10), who found a frequency often more than 500 per mm.^ and a distribu- 
tion similar to that found in oaks. No record has been noted of a group of 
species with as high stomatal frequencies as are found here in the oaks. 

Sausbury (11), Tapp (14), and others have found a rapid increase in 
the stomatal numbers as the leaves are higher on the stem. Reed (10) finds 
a certain relationship on long stems of citrus but not on short ones. Maxi- 
mov (8) describes Yapp*s work under the heading “Leaf structure in rela- 
tion to water,** but follows the suggestion of Zalenski that the later leaves 
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have more water deflected to the lower leaves, causing a greater osmotic 
pressure in the upper leaves, producing more stomata. It has been shown 
by Hirano (3) that the amount of spring rainfall has more influence on 
stomatal number than has annual rainfall. Herbaceous plants grow their 
leaves during several months. In Yapp’s (14) study of Spiraea^ illustra- 
tions are given from March to June, inclusive, during which time the ex- 
ternal conditions favor the increase of transpiration as new leaves develop, 
but normally the soil moisture becomes less. This would cause the osmotic 
pressure of the leaf cells to become greater and the leaves to become more 
xeromorphic, with increased stomata. The difference in height would have 
relatively no effect compared with the difference in the resistance which the 
soil offers to water loss in early spring and in the dryer summer period. This 
would seem to explain the fact that stomatal frequency varies so little on the 
Q, palustris tree with a height of sixty feet since the leaves all developed with 
nearly the same soil moisture ; but a seedling of the same species has thirty 
per cent, more stomata at forty inches than it has thirty-two inches lower 
on the same stem. 


Summary 

1. The stomata of oaks are functional and may remain completely closed 
during a drought. 

2. Stomatal frequencies on eight species of oaks are all high, and on Q. 
triloba, the highest, the frequency is exceptionally high. 

3. Stomatal numbers do not appear to increase with height on mature, 
exposed trees, but they do appear to increase on indefinitely growing stems. 

Department of Botany 

The George Washington University 
Washington, D, C. 
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PHOTOSYNTHESIS IN OBIMMIA MONTANA^ 
Elizabeth McKay 
(with one figure) 

Introduction 

The xerophytic moss, Grimmia montana, is known commonly as ‘‘black 
moss/* During the greater part of the year the name is fully justified, 
for when dry the moss appears on the dark basaltic rock outcrops of 
southern Washington as a small black cushion 1-6 cm. wide, composed 
of a dense tuft of plants from 1 to 2 cm. high. The tuft usually shows 
slightly gray, owing to the presence of long hyaline points on the leaves. 
In addition to the long transparent points, 0, montana shows a number of 
other xeromorphic characters (13). The margins of the leaves are revolute 
and the leaves are slender and pointed, with small, thick walled cells. 
The plants grow in dense cushions, reducing the surface exposed to 
insolation. 

When the moss is dampened the changes produced are immediate and 
marked. The leaves unfold, the plant appears to expand, and the dull 
gray-black color is replaced by a vivid green. Apparently this change 
in appearance is followed shortly by a decided activation of life processes 
in the plant. 

The object of this investigation was to attempt to determine the time 
elapsing after the addition of moisture to the air-dry plant before photo- 
synthetic activity begins. 


Literature 

Fraymoutii (3) quotes Bastit (1891) and Jonsson (1894) as having 
found that dry mosses respire and that respiration increases with increase 
of the water content. 

Irmscher (6) concludes that the drought resistance and the marked 
changes of a given species of moss in different habitats are due to the 
great adaptability of the jirotoplasts to changes in environment. This 
characteristic is not great enough for the survival of rapid alternate desicca- 
tion and moistening. In addition to the peculiarity of the protoplasts, the 
mosses possess dormant buds which survive more severe conditions than 
the ordinary cells and develop new protonema when conditions are 
favorable. 

Davy de Vxrville (1, 2) has grown several species of moss and has 
noted the effects of light, temperature, and humidity on the structure of 

1 Contribution no. 40 from the Botany Department of the State College of 
Waehington. 
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the plants. His conclusion is that, even though a moss is normally xero- 
phytic, high humidity is more favorable to its growth. 

Mayer and Plantepol (9, 10, 12) find that mosses retain some water 
even at 100® C. In Hypnum triquetrum this amounts to 6-6 per cent. 
They find also that a moss with water content of 8 per cent, will absorb 
water to 18 per cent, of its weight when placed in a saturated solution 
of NaCl. From these data they conclude that the force involved in resist- 
ing desiccation is imbibitional rather than osmotic. Photosynthetic activity 
of H. triquetrum increases with increase of water content up to 300 per 
cent. Respiration increases up to 150 per cent. Decrease in the water 
content causes a more rapid decrease in photosynthesis than in respira- 
tion, so that apparently respiration is less directly dependent upon the 
water content than is photosynthesis. 

By estimation of the oxygen absorbed, Praymouth (3) has correlated 
the increase of respiration with increase of water in several lower plant 
forms, including algae, lichens, and the moss Hypnum cupressiforme. She 
finds that respiration in H, cupressiforme increases with increase of water 
content up to 300 per cent, of water. 

Iljin (6) has studied numerous vegetative cells, both resistant and 
non-resistant to desiccation, and concludes that the hardening of a plant 
is a process of devacuolization. The ability of a cell to withstand desicca- 
tion is due to lack of vacuoles, and the reason the Grimmiaceae are resistant 
is that they lack these structures. 

Material and methods 

First method. — Two methods were used in determining the beginning 
of photosynthetic activity in Grimmia montana. In the first method the 
moss was immersed in water and the change of resistance of the water 
was measured with the submerged moss exposed to bright sunlight. Redis- 
tilled water was employed, but the purity of this water did not approach 
that necessary for exact quantitative tests, as is shown by variation in 
the measurements from 10,125 to 12,375 ohms. The water was kept in the 
laboratory from a few hours to several days. During this time it was 
stored in glass fiasks with cotton stoppers so that the atmospheric carbon 
dioxide could dissolve freely. A second measurement was made duplicating 
the conditions except that the moss was placed in darkness. It was believed 
that the plant placed in darkness would show, owing to respiration, a 
gradual increase in the carbon dioxide evolved and hence in the conduc- 
tivity of the solution in which it was submerged. The plant which was 
exposed to sunlight, and was therefore free to carry on photosynthesis, 
would utilize some of the carbon dioxide produced and show either a 
smaller decrease of resistance than that shown by material kept in darkness 
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or an actual increase of the resistance. The length of time elapsing before 
the darkened and illuminated samples showed a difference of resistance 
was taken as a measure of the time necessary for the beginning of photo- 
synthesis. In order to check the possibility of resistance changes due to 
solution of carbon dioxide from the atmosphere of the greenhouse, tests 
were run on the distilled water without moss, through similar periods. 
These samples showed no measurable changes of resistance. 

Material for the resistance tests was collected during the summer season. 
At that time the moss had received very little moisture for several weeks 
and was practically air-dry. As nearly as possible the material was col- 
lected from places exposed to direct sunlight during either the morning 
or afternoon, and those tufts were chosen which appeared to have the 
same degree of hyaline leaf point development. In the laboratory the 
tops were cut from the plants, leaving the rhizoids and as much as possible 
of the earth in which they were imbedded as waste material. The material 
that remained, after trimming, included the tops of the stems with the 
living leaves. 

The leafy stems were then w^ashed and rinsed several times with distilled 
water in order to remove all possible material which might contain electro- 
lytes and cause resistance changes. After being washed, the tops were air- 
dried and weighed in samples of 1 gm. each. Before weighing, any remain- 
ing foreign material was carefully removed from the sample. Between the 
time of preparation and the time at which the moss was used, it was stored 
in glass bottles. In determining the water content, samples were dried, 
in accordance with the recommendations of Link and Tottingham (8), 
at 65® C. to a constant weight. The loss was found to be 0.2 gm. from a 
sample weighing 4 gm., or 5 per cent, of the air-dry weight after 42 hours ^ 
drying. 

The sample, after being washed and dried, was placed in a measured 
quantity of distilled water in a 250-cc. beaker and kept at a temperature 
of 24® ± 0.5®. Using a Wheatstone bridge, measurements were made of 
the resistance changes in the w'ater at short intervals for about two hours 
following immersion of the material. The moss was stirred frequently, 
to expose all parts to the sunlight and to distribute the COg uniformly 
throughout the medium. In the same manner, samples were placed in 
water and the change of resistance was measured, except that the beaker 
was surrounded by several thicknesses of black cloth, to exclude the possi- 
bility of photosynthesis. In this case also the solution was stirred fre- 
quently and the temperature maintained at 24® C. d= 0.5®. The results 
obtained by these resistance measurements are only qualitative, because of 
several uncontrolled factors. The intensity of the sunlight varied with 
the different determinations, and, owing to the occasional passage of a 
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cloud, during each determination. The original purity of the water varied 
somewhat and the nature of the impurities was not ascertained. This offers 
opportunity for change of resistance resulting from reactions of the carbon 
dioxide, such as the formation of ammonium carbonate, rather than directly 
from the carbon dioxide changes. A third possibility of error lies in the 
leaching of electrolytes and buffer solutions from the cells of the plant, and 
the dissolving of material not removed from the exterior of the plant by 
washing. The solution of carbon dioxide from the atmosphere was shown 
by resistance measurements of the distilled water to be insufficient to pro- 
duce any measurable change in resistance. 

Second method. — ^In this method measurement of the increase in reduc- 
ing sugars was used as an indicator. The moss was collected during the 
period when moisture was relatively abundant and the plant was growing. 
The moss was placed in darkness, while damp, and allowed to dry slowly 
to air-dryness. Preliminary comparison of the sugar content of samples 
dried more rapidly in light with those dried in darkness showed that, in 
the latter, the excess sugar was to a large extent used by the plant while 
photosynthesis was not being carried on. The samples were allowed to 
remain in the air-dry state for several days before tests were made. A 
small piece of the moss cushion was then selected and a microcheniical 
sugar test was made on the diy material, by placing a few leaves on a 
glass slide, adding a few drops of Fehling’s solution of Hawk^s formula 
( 4 ), and warming. The leaves were observed under a microscope and the 
amount of precipitate formed at definite time intervals was noted. 

After a few dry leaves had been tested, the piece of moss was dampened 
well and placed in bright sunlight, in a watch glass containing a small 
amount of tap water. Sugar tests were made and the relative amounts 
of precipitate were recorded. It was found that leaves of the stem tip 
bearing archegonia contained more sugar than those of a vegetative stem 
tip under the same conditions, so care was used in the tests to obtain leaves 
of the same kind for all tests of a single sample. 

Results and conclusions 

The results obtained by the measurement of the change of resistance are 
shown in figure 1, which is a representative curve chosen from a number 
of determinations. Measurements were made using 1-gm. samples of dry 
moss in 225 cc. of water at a temperature of 24® C. The solid line shows 
the change of resistance of the solution surrounding a moss sample when 
the moss is exposed to sunlight ; the dotted line shows the change when the 
moss is kept in darkness. 

The first 10 minutes show an abrupt decrease in resistance, apparently 
due to the solution of material not removed from the moss in washing or 
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Fia. 1. Clianges in resistance of the medium during photosynthesis and respiration 
of Grimmia montana. 

to the leaching of cell contents. In the period from 10 to 20 minutes the 
curves flatten and differences in resistance begin to show between the two. 
The curves show minor fluctuations, but the darkened sample shows a 
gradual lowering, expi'essing the increase of carbon dioxide from respira- 
tion in the absence of photosynthesis. The curve for the illuminated sample 
reaches a level between 30 and 40 minutes, showing that the photo^nthetic 
reaction has apparently reached an equilibrium with the respiratory process 
and atmospheric absor])tion, resulting in a nearly constant carbon dioxide 
supply. 

The conclusion is reached that photosynthesis begins in Grimmia man- 
tana from 10 to 20 minutes after the plant is immersed in w^ater and 
illuminated, and that within 25 minutes the activity is great enough to 
utilize the carbon dioxide produced in respiration as well as that supplied 
by the atmosphere. Within 40 minutes the plant apparently reaches a 
photosynthetic equilibrium for the given temperature and light conditions. 

The quantities of reducing sugars in the moss after receiving moisture 
and light show no quantitative change in the cells of the leaf within 5 
minutes. Within 7 or 8 minutes a slight difference is shown. After 10 
minutes the increase is decided, and after 25 minutes, fairly large. At 
the end of 30 minutes there is no further increase, indicating that the 
process has reached an equilibrium, possibly because of the accumulation 
of photosynthetic products. 

The microchemical tests show a somewhat shorter period before photo- 
synthesis begins than is showm by the resistance measurements. This is prob- 
ably explained by the slight buffer action of the carbonic acid, which would 
retard the change of resistance so that the time found in the comparison of 
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resistance changes in water surrounding illuminated and darkened moss 
may be somewhat longer than is actually required for photosynthesis to 
begin. 

Summary 

1. The time required after moisture is added to a xerophytic moss, 
Orimmia montana, before photosynthesis begins, was determined. 

2. The air-dry moss, when heated at 65° C. to a constant weight, was 
found to have lost 5 per cent, of the air-dry weight. 

3. Measurements were made of the change of resistance of water sur- 
rounding the moss in samples that were illuminated and samples that were 
kept dark. The change of resistance was assumed to be due to changes in 
the amount of carbon dioxide, resulting either from respiratory or from 
photosynthetic activity. 

4. Microchemical tests were made using Fehling^s solution to determine 
the change in amount of reducing sugars in the moss after being dampened, 
as a measure of the time required for photosynthesis to begin. 

5. Photosynthesis apparently begins 6 to 10 minutes after water is sup- 
plied to the moss, is great enough within 25 minutes to utilize the carbon 
dioxide produced by respiration, and reaches an equilibrium within 30 to 
40 minutes. 

The writer wishes to thank Dr. F. L. Pickett for suggestion of the 
problem and helpful criticism of the work. 

State College or Washington 
Pullman, Washington 
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SOME CHEMICAL ASPECTS OP CALCIUM DEFICIENCY 
EFFECTS ON P18VM 8ATIVVM 

Boeotht Bjly 

The beneficial effect of calcium in the growing of crops has been known 
through the ages but it is only in modern times that any detailed investiga- 
tions have been made to see just how this element affects the individual 
plant or its parts. Various criteria have been used, usually based on the 
external appearance of the plant, but more recently attention has been 
turned to the effect on the internal anatomy caused by lack of this element, 
as in the work of Sorokin and Sommer on the pea plant (6). Warington 
(6) has approached the problem from the chemical point of view with quan- 
titative estimations of the amount of calcium absorbed by Vida faha at 
different stages of growth and under varying nutritional conditions. 

It has been the object throughout this research to combine and correlate 
the anatomical aspect with the chemical. This was begun by growing all 
of the plants two in a pot so that both received exactly the same treatment. 
Thus it was possible to examine the internal structure of one plant and to 
use the other for determinations of weight and of calcium content. A pre- 
liminary report summarized all results (1). Surprizingly enough, an ana- 
tomical examination (2) of plants treated with various solutions showed 
almost no variation in the internal structure of root and stem even when 
calcium was completely withheld, and the chief difference between plants 
so unlike in size and succulence was in the amount of elongation of their 
several organs. 


Methods 

Canada field peas {Pisum sativum L.) were grown in sand cultures in 
the greenhouse under controlled conditions. Details of the methods and 
materials have been given previously (2). Seven kinds of nutrient solu- 
tions were used to meet the mineral requirements of the plants, six pots to 
a treatment. These solutions can be grouped in three categories according 
to their composition and also according to their physiological effect: A, 
those with an optimum of calcium; B, D, F, those with one-half that 
amount; and C, E, G, those with no calcium. Solution A is the one that 
preliminary experiments had shown was best suited to the growth of this 
species (2), In solutions A, B, and C the only difference is in the amount 
of calcium nitrate ; solution B contains one-half the quantity present in A, 
while C lacks it entirely. In solutions D and E this same ratio holds but 
the nitrate content is compensated in chemically equivalent amounts by 
equal parts of sodium nitrate and potassium nitrate. In solutions F and G 
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there is a similar substitution for the nitrate, but one-fourth of the nitrate 
is replaced by magnesium nitrate and three-fourths by potassium nitrate ; 
therefore there is a substitution for the nitrate radical rather than a molecu- 
lar substitution. 

All plants were harvested at the end of a five weeks’ period of growth, 
just before the death of the plants grown without calcium, although those 
given one-half the full amount of this element were still fairly vigorous and 
probably could have lived for some time longer. From each pot one plant 
was fixed for anatomical observations and the other was used for fresh 
weight and dry weight determinations of shoots and of roots. After dry- 
ing, this material was pulverized preliminary to the quantitative analysis 
for calcium, which was performed with duplicate samples according to Mc- 
Crudden’s method ( 4 ). Eesults were recorded in terms of calcium oxide. 

Results 

In general, the plants of the complete nutrient solution (A) seemed to 
be fairly uniform in height with an average of twenty-eight inches above 
the cotyledonary node. Those plants given the solutions with one-half the 
amount of calcium (B, D, F) form a fairly uniform group and were almost 
as tall as those with the complete nutrient solution (A). There was, how- 
ever, a decided difference between any of these and the plants deprived of 
calcium (C, E, G), which formed a third distinct group; these were about 
one-half as tall as those given the complete nutrient solution (A). 

The shoots of those plants receiving the full ration of calcium (A) 
showed the greatest average fresh weight, while those given one-half the 
amount of calcium (B, D, F) were almost as heavy. However, those starved 
of calcium (C, E, G) were less than one-third as heavy as the plants treated 
with the solution containing the one-half ration of calcium. Roots of these 
same plants showed similar relationships except that there was not quite so 
decided a difference between the plants starved of calcium and those given 
the half amount of this element although it was still marked. Details of 
these weights are given in table I. 

The greatest average dry weight of shoots was shown by the plants 
receiving the complete nutrient solution (A). Those given some calcium 
(B, D, F) were slightly lighter, while those deprived of this element (C, E, 
G) were definitely the lightest, although the differences were not so marked 
in any ease as those noted for the fresh weights. Roots of these same plants 
showed similar results except that the difference is even less between the 
plants starved of calcium and those given some. The data are included in 
table I. 

The percentage of dry matter in the shoots is greatest in the plants 
starved of calcium and least in the plants given the most calcium. The 
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contrary is true for the roots but the difference is slight. The exact pro- 
portion of dry weight to fresh weight in each case is shown in table I. 

The plants given the most calcium in the nutrient solution contained 
the most at the end of the growth period of five weeks. For both shoots 
and roots the plants treated with the half ration showed three-fourths as 
much calcium as those plants offered the complete nutrient solution. Those 
deprived of this element had almost one-third as much calcium as those 
with the complete nutrient solution. In general, the plants having equal 
amounts of calcium in the various nutrient solutions were similar. How- 
ever, decidedly less calcium was present in the shoots of solution D (one- 
half calcium) and in the shoots and roots of solution E (no calcium). 
These were the solutions in which the calcium nitrate of the complete nutri- 
ent solution was replaced by equal parts of sodium nitrate and potassium 
nitrate. 

Calcium oxide, computed as percentage of the dry weight of the plant, 
is generally greater in the roots than it is in the shoots. It is greatest for 
the roots of the plants deprived of calcium and least for the shoots of plants 
given the one-half amount of calcium. It is lower in shoots from solution D 
and in plants from solution E as has been noted for the entire plant. 

Calcium oxide, calculated as percentage of the fresh weight of the plant, 
is higher for the shoots, in general, than it is for the roots. This is the 
reverse of the relation just noted in which the roots show more calcium as 
percentage of dry weight. The percentage of fresh weight is greatest for 
the shoots of plants starved of calcium w’hile the roots of these plants show 
almost no difference from the plants given the complete nutrient solution. 

Discussion 

An optimum of calcium increases both the number of internodes and the 
length of the internodes, and increases the fresh and dry weight in compari- 
son with plants given only one-half as much calcium. In all these respects 
the difference is even more striking between fully nourished plants and 
those deprived of calcium. 

Calculations of the dry weight in relation to the fresh weight show that, 
for the quantities of calcium used here, the roots have a slightly greater 
proportion of dry weight according to the amount of calcium present in the 
nutrient solution. Probably there is some storage of material without much 
leaching in the presence of calcium. For the shoots the greater the amount 
of calcium in the nutrient solution the less is the percentage of dry matter 
and the greater is that of water present. This appears to indicate that 
calcium is conducive to succulence. However, other workers have ascribed 
this same result to other elements, especially nitrogen, used in similar 
experiments. With the possible exception of nitrogen, might it be said that 
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succulence should be associated with good nutrition in general rather than 
with the presence of any particular substance f This seems to be the con- 
tention of Famin (3), who disagreed with Vbsque, Van Eysselberghe, and 
Petrie since he found that the majority of salts which he studied do not 
increase the succulence of young and vigorous tissues. 

Since most calcium was present in the complete nutrient solution it is 
not surprising that the roots and stems grown there should show the most 
calcium oxide per plant. The close approach made to this by the plants 
given only one-half that amount of calcium may indicate that a plant uses 
most of the material stored in the seed, that it makes the most of any cal- 
cium supplied, that it needs little calcium, or all three. The relatively 
large amounts of calcium oxide present in the plants grown in the solutions 
deficient in calcium may support one or more of these points. It must be 
remembered that all plants were harvested just before the death of these 
last groups of plants although the partially starved plants were still fairly 
vigorous and would have lived for some time longer. Warington (6), 
working with Vida fdba, also found that the amount of calcium absorbed 
is proportional to the calcium supplied in the nutrient solution. 

Summary 

1. Canada field peas were grown under greenhouse conditions in nutrient 
solutions in which the proportion of calcium nitrate was varied. External 
appearance, fresh weight, and dry weight were observed and measured. 
Samples were analyzed for calcium content according to McCrudden^s 
method. 

2. These results support the contention that lack of calcium affects the 
external appearance of pea plants, making them shorter and less succulent. 

3. Both shoots and roots of the plants given the complete nutrient solu- 
tion showed the greatest fresh and dry w^eights ; those given a half ration of 
calcium were almost as heavy, and those deprived of calcium were decidedly 
lighter. 

4. The percentage of dry matter in the shoots is greatest in the plants 
deprived of calcium. The contrary holds true for the roots but the differ- 
ence is slight. 

5. The plants given the most calcium in the nutrient solution contained 
the most at the end of the growth period of five weeks. Those starved of 
calcium had almost one-third as much calcium as those grown in the com- 
plete nutrient solution. 

6. There was less calcium in the plants in which the calcium nitrate of 
the complete nutrient solution was replaced by equal parts of sodium nitrate 
and potassium nitrate than in those grown in solutions in which the calcium 
nitrate was not compensated or was replaced by magnesium nitrate and 
potassium nitrate. 
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7. There is no consistent variation in the proportion of stored calcium 
to fresh weight or to dry weight. 

Department or Botany, Smith College 
Northampton, MASSACHtJSETTs 
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SOME EFFECTS OF FUEL OIL ON PLANTS 
George D. Fuller and Margaret B. Leadbeatsr 

Some years ago a storage tank of fuel oil emptied upon the soil is sup- - 
posed to have caused the death of several oak trees in a suburb of Chicago. 
This caused the writers to make certain preliminary experiments on the 
action of such oil on certain potted plants. 

While attention had been directed towards the entrance of such oils into 
the leaves of plants when applied as a spray (see among others Ginsberg 
(2), Knight et al. (4), Kelley (3), de Ong (1), and Bohrbaugh (6)), no 
investigation regarding their effects upon roots is known to the writers. 

The fuel oil used was purchased from the Consumers Petroleum Com- 
pany, Chicago, Illinois. It is described commercially as 3236 Baume gravity 
gas oil. consisting principally of saturated hydrocarbons. It is obtained in 
the refining of petroleum as one of the heavier fractions of distillation. The 
viscosity is about 55 seconds Saybolt. In appearance it is medium thin, of a 
greenish amber color, and is similar to the ‘‘medium oils'^ which spray in- 
vestigators have found most useful. 

The experiments were carried on with four plants: the tomato, Lyco- 
persicnm esctdentum; the peach, Pruniis persica; the apple, Pyrus malus; 
and Ageratum houstonianum. The four were chosen for their availability 
rather than for any scientific reason, but they proved suitable material for 
the investigation because none of them contained natural oil in sufScient 
quantities to interfere with the recognition of the introduced oil in the plant 
body, and they gave an interesting variety of reactions. As the most exten- 
sive experiments were with tomatoes and peaches, the reactions of these two 
species only are being reported. 

The tomatoes were from greenhouse stock, all from the same planting, 
carbohydrate high and tending to reproduction. The peaches and apples 
were year-old seedlings obtained through the courtesy of Dr. M. J. Dorsey, 
Chief in Pomology at the University of Illinois. They were planted in good 
potting loam, the tomatoes being in 5-inch pots and the peaches in 6-inch. 
Two lots of 12 plants each were used for each species divided into sets of 
two pots each. One of these sets, without oil, served as the control ; the other 
five sets had one application of oil applied to the surface of the soil in 
amounts of 1, 2, 3, 4, and 5 per cent, by volume of the soil content of the 
respective pots. In one lot of each species the soil was heaped about the 
stems of the plant so that there was no surface contact of the oil with the 
stems. This was designated as the M series; the others constituted the 8 
series. All plants were watered regularly to maintain proper moisture con- 
ditions for good growth and the plants were kept under observation for 51 
days. 
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Restiltt with tomatoes 

The control plants and part of those in soil with 1 per cent, of oil ap- 
peared quite healthy and vigorous at the end of the period. The plants of 
the M series usually showed injury a day or two before those of the 8 series. 

The first signs of injury were the wilting of the youngest two or three 
leaves of the main axis and those of the lateral axes. The whole tip some- 
times wilted with the young leaves. Leaf wilting occurred with or without 
discoloration. In case of discoloration, the leaves turned either olive-green 
or yellow. No oil was found in leaves which had turned olive although it 
looked from the outside as if it might be present. Flowers developed if the 
buds were fairly mature when injury became apparent, otherwise they 
blighted. 

Yellowing of the older leaves was not taken as a symptom because the 
plants stood rather close together and the checks dropped their oldest leaves 
also. However, as the injury advanced all the leaves of the plants yellowed, 
wilted, and died. Sometimes the stem collapsed near the surface of the 
ground or halfway up the stem, sometimes it remained upright. This seemed 
to be a matter of individual resistance for there was no correlation between 
doses of oil and methods of degeneration. Wilting occurred in from eight to 
fourteen days for the larger doses and twelve to twenty for the smaller 
ones. There was less difference in the time of death of the two groups. It 
occurred in twenty-two to twenty-eight days in the plants in soil with 4 to 5 
per cent, of oil, in twenty-four to forty-two days for those with 3 per cent, 
or less, and half the plants in soil with 2 per cent, of oil were still alive 
at the end of the experiment. 

Sections were made with the use of the freezing microtome from plants 
of both the M and 8 series grown in soil with 1, 3, and 5 per cent, of oil. 
These sections were taken from the tips of the plants, from the mid-stems, 
from the stems at the surface of the soil, and from the roots. They Tvere 
stained with Sudan III and examined for the presence of oil, which was 
found in varying amounts in all the plants, with larger amounts in plants 
from soil with highest oil content. 

The oil was found most regularly in the xylem, particularly the primary, 
where the stain brought out small drops clinging to the sides of the vessels 
or completely clogging them. Only where it was plentiful did it spread to 
the xylem parenchyma or to the rays, being confined to the bundles except 
when present in excess. It was next most prominent in the intercellular 
spaces of the pith and cortex. In the root, it was about equally distributed 
between xylem and cortex, but it was often difficult to tell about the location 
because degeneration had proceeded so far that the structures were but ill 
defined. Judging by color and texture, the roots were certainly badly in- 
jured by the oil, although they did not always show great quantities of it 
within them. Roots of check or low-quantity treatment plants were cream 
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to light tan in color, firm, and brittle. Those severely affected by higher per- 
centages were dark red-brown to black, withered, and limp. 

Restdts with peaches 

Almost a month elapsed before the peaches showed any response to the 
oil treatment. A very small plant {M 5 per cent.) was wilted when visited 
on the twenty-fifth day. Very soon afterwards all but one of those at 2 per 
cent, and above followed suit. There was no discoloration. The leaves 
wilted and died, green. There was no outstanding difference in time be- 
tween the 2 and the 5 per cent, plants nor between M and 8 plants. Five 
of the eight M trees showed injury at thirty-seven days, four of these dying 
after forty days. There were also five 8 trees injured thirty-seven days 
after treatment, taking forty-three to forty-five days to die. All plants in 
soil with 2 per cent, of oil or more were dead in forty-five days. 

When sections of all representatives of the series were examined, they 
were uniform in giving a positive stain for oil only in the cuticle. This fact 
remained a puzzle until the root systems were exposed in discarding the 
plants. One per cent, of oil seemed below the critical amount, and the 
plants which grew in soil with this dosage were alive at the end of the ex- 
perimental period, and had almost as good root development as the check. 
But somewhere between 1 and 2 per cent, the lethal concentration is reached. 
From 2 per cent, upward the tops were somewhat stunted, and the roots had 
practically disappeared. Only a few limp, brown, straggling ends of the 
branches were visible. The control plants showed that their roots had 
elongated and had branched freely during the time of the experiment. In 
contrast with these the plants in soil with 2 per cent, or more of oil showed 
no root growth, but a depletion and decay of the original root system. The 
direct damage by the oil seemed, in the peaches, to be confined entirely to the 
underground parts but with equally fatal effects. 

Discussion 

The species examined exhibited marked variation in their reaction to the 
oil treatment. Where oil actually entered the tissues a slow death followed. 
This was probably a toxic action since no sections seemed to show oil in 
enough cells seriously to impede ordinary translocation. Where oil had 
apparently not gained entrance to the plant, as in the peaches, some other 
factor must have been responsible. Either there was local toxic action at 
the roots, or the spread of oil about them was sufficiently complete to prevent 
translocation of water in the soil and its absorption by the roots, and the 
plant literally died of drought. 

It is not known what relation the oil bears to the soil. A small quan- 
tity is evidently held among the soil particles by capillarity, since it is only 
where larger amounts are added that the oil seemed to move through the 
soil. It has been shown that as roots take in water from soil adjacent to 
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them, free water will move in from more remote areas to replenish the sup- 
ply. This would continue if necessary until only the hygroscopic water 
remained. Where 3 per cent, or more of oil was added to a pot it was 
found concentrated about the roots, which would indicate that a similar 
situation obtained with it. 

If some definite part is held by the soil particles it would explain the 
failure of the lowest quantity to produce results. In the case of tomatoes 
and peaches the soil seemed able to take up about 1 per cent, of oil by volume 
without injuring them; but when the amount was greater, the effect was 
detrimental to the plants. 

This investigation opens up many questions particularly of physiological 
interest which must be left for future studies. Probably abnormalities 
in temperature, humidity, water content, and nutritive relations would have 
special meaning when plants are subjected to a test of this sort. It will be 
valuable to correlate results of outside experiments with the greenhouse data. 

Summary 

1. Commercial fuel oil has a harmful effect on plants when brought into 
contact with their roots, through the soil. 

2. The effect becomes fatal when the quantity is raised above the critical 
point for a species. 

3. The effect may or may not be due to penetration. 

4. If the oil has penetrated the tissues, it is most commonly found in the 
primary xylem; to a lesser extent it enters the secondary xylem, and the 
intercellular spaces of the pith and cortex. 

5. Contact does not seem to be a primary cause of death. 

University or Chicago 
Chicago, Illinois 
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BRIEF PAPERS 


EFFECT OP TITANOUS CHLORIDE ON THE FORMATION OP 
CHLOROPHYLL IN ZEA MATS^ 

(with one figure) 

Titanium is found as a constituent of many ores, the chief one being 
ilmenite and rutile. As the oxide it is generally distributed in surface soils. 
Clay soils often contain from 0.3 to 0.6 per cent. TiO^. Titanium stands in 
tenth place in the series of elements which make up the earth’s crust. 
Many plant organs have been found to contain TiOg. Potatoes may some- 
times contain as much as 0.336 per cent, of their dry weight. 

Xemec and Kas (2) in 1923 found that increased crop yields could 
be obtained by using titanium in the fertilizer either in the form of titanium 
sodium citrate or the insoluble sodium titanate. They found that the 
amount of phosphorus, silicon, and aluminum increased and decreased 
with the titanium content of the plants. The iron content, however, de- 
creased with increasing applications of titanium. This led them to suggest 
that it might be possible that iron could be replaced by titanium in some 
plant metabolic processes. 

In 1930 SiDERis (3) reported that pineapple seedlings grown in a nutrient 
solution composed of 

0.001 molar K2HPO4 
0.002 molar KNO3 
0.001 molar CaCNOa)^ 

0.001 molar MgSO^ 

with five parts per million of titanium but no iron, formed chlorophyll 
just as well as when iron was added to the nutrient solution, Sideris used 
TiCl,H. 

About two years ago we set up experiments in our laboratories with 
the object of testing the effect of titanous chloride (TiClj) on the forma- 
tion of chlorophyll in Zea mays. We used the same concentration of 
nutrient solutions as was used by Sideris and added 5 and 10 p.p.m. of 
TiCls instead of iron. Our controls consisted of nutrient solution with no 
titanium and no iron and nutrient solution with iron. This experiment 
has been repeated five times and 15 and 20 p.p.m. of titanium have been 
tried. All the results confirm the conclusion that titanous chloride will not 
substitute for iron in the formation of chlorophyll in Zea mays. Further- 
more it can be readily seen from figure 1 that the growth of the tops and 

1 Contribution from the Kettering Foundation for the study of chlorophyll and 
photosynthesis. 
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4 3 2 1 


Fio. 1. Influence of titanous chloride and iron on the growth of Zea mays. 1, with 
trace of iron; 2, without iron; 3, with 5 p.p.m. TiClj and no iron; 4, with 10 p.p.m. TiCL 
and no iron. 

the root systems is decidedly greater in the nutrient solution to ^vhich 
iron was added. 

Lewis ( 1 ) in a discussion of the genesis of the elements points out that 
nickel was most likely the parent substance for both iron and titanium. On 
this basis one might be inclined to favor the view that the common origin 
of iron and titanium might mean that there would be a good chance of sub- 
stituting titanium for iron in chlorophyll formation in the plant. On the 
other hand it is most probable that iron acts as a catalyst in the formation 
of chlorophyll and owing to the fact that there is commonly clear cut speci- 
ficity in such reactions it is unlikely that there could be a substitution of 
this type. 

For the present this leaves us with no definite evidence that titanium 
has any value to the plant. — 0. L. Inman, George Barclay, and Malvern 
Hubbard, Antioch College. 
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NOTES 


St. Louis Meeting. — The twelfth annual meeting of the American Soci- 
ety of Plant Physiologists will be held in St. Louis from December 31, 1935 
to January 2, 1936. The headquarters of the Society will be at the Statler 
Hotel. The program has been formulated by the program committee, and 
includes several sessions for the reading of papers. Joint meetings with the 
Horticulturists, wdth Section G, A. A. A. S., and with the Physiological Sec- 
tion of the Botanical Society of America have been scheduled. Appropriate 
periods for the transaction of necessary business have been provided. The 
annual dinner of the Society will be held on the evening of December 31. 
Tickets for the dinner should be obtained promptly on registration in order 
that accommodations for all may be provided. Concessions on the fares 
to St. Louis will be published by the A. A. A. S. in Science. Early hotel 
reservations are advisable because of the large attendance expected for this 
meeting. 

Sixth International Botanical Congress. — The sixth International Bo- 
tanical Congress which was held at Amsterdam early in September was 
attended by a large number of botanists from all parts of the world. The 
otBcial representative of the Society at the Congress, Dr. Walter P. Loeh- 
wiXG of the University of Iowa, has consented to prepare an account of the 
meeting at Amsterdam for Plant Physiology. If it is possible to do so, 
we hope to reproduce a photograph of the plant physiologists who were 
members of the congress. 

Regional Section. — A petition for the organization of a new regional 
section of the American Society of Plant Physiologists will be presented to 
the executive committee and to the Society for action in the near future. 
The proposed section would include most of the territory west of the great 
plains, and Hawaii. Regional organization offers many advantages to the 
members residing within the region, and stimulates both the scientific and 
social life of the members. Additional information wall be given following 
the St. Louis meeting. 

Life Membership Committee. — ^The eleventh aw^ard of the Charles 
Reid Barnes life membership will be made at the St. Louis meeting. The 
announcement wall be made at the annual dinner, as has been the custom in 
past years. The committee whose duty it is to select the recipient of the 
aw^ard has been appointed by president Mueneek, and is made up of the 
following members: Dr. John W. Shive, chairman; Dr. E. C. Miller, Dr, 
R. B. Harvey, Dr. H. A. Spoehr, and Dr. 0. F. Curtis. 
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Committee Chairmen. — In order to facilitate communications between 
the members of the Society and the committees which are maintained to 
carry on its work, the names of the chairmen of the various committees are 
presented here : 

Executive Committee, Dr. A. E. Murneek, University of Misouri. 

Editorial Committee, Dr. C. A. Shull, University of Chicago. 

Finance Committee, Dr. C. A. Shull, University of Chicago. 

Committee on Chemical Methods, Dr. W. E. Tottingham, University of 
Wisconsin. 

Committee on Physical Methods, Dr. E. S. Johnston, Smithsonian Insti- 
tution, Washington, D. C. 

Life Membership Committee, Dr. J. W. Shive, New Jersey Agricultural 
Experiment Station. 

Program Committee, Dr. E. S. Reynolds, Missouri Botanic Garden. 

Memorial Committee, Dr. F. M. Andrews, Indiana University. 

Errata. — ^A few errors have been noted in the printing of volume 10 of 
Plant Physiology. Those which have been found have been listed at the 
close of the table of contents. It is no doubt an incomplete list, as it has 
not been possible to devote time to reading the printed pages for this spe- 
cific purpose. The authors of all papers are invited to examine their own 
work, and to report all errors found. It is regrettable that any errors slip 
by, but it is very difficult to avoid at least a few in each volume. 

Praktikum der Zell- und Gewebephysiologie der Pflanze. — A new- 
laboratory manual of plant physiology has been written by Dr. Siegfried 
Strugger, Privatdozent in the University of Greifswald. This manual con- 
tains 94 experiments, which are arranged in eleven sections. These cover 
the main problems of general cellular physiology. The first section deals 
with the methods of preparation of living plant cells for experiment and 
observation. Then follow sections on plasraolytic phenomena ; ‘ ‘ intrability ’ ^ 
(penetration, permeation, vital staining); permeability; vacuole contrac- 
tion; plasmoptyse; secretion of pigments; nucleus; protoplasmic and cell 
sap viscosity; protoplasmic movements; and a section on regeneration, re- 
production, and stimulation of cell division. The plants found useful in 
such experiments are listed in alphabetic order in an index, and a subject 
index completes the volume. The manual is illustrated with 103 cuts, and 
offers many good suggestions for successful experiments in the general 
physiology of plant cells. The publishers are Gebriider Borntraeger, Ber- 
lin (W 35, Schoneberger lifer 12a), who quote the price as RM 8.5 for cloth 
bound copies. If the usual foreign discount is allowed, this work is not 
unduly expensive. 
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Laboratory Plant Physiology. — laboratory manual o£ plant physi* 
ology has been prepared by Dr. B. S. Meter of Ohio State University and 
Dr. Donald B. Anderson of the University of North Carolina. Part I is 
the manual, and part II is a supplementary section on laboratory methods. 
The manual presents 132 experiments, arranged in 18 sections. There are 
blank leaves for note-taking. The order of presentation is indicated by the 
sectional topics : Solutions ; colloidal systems ; plant cells ; diffusion, osmosis, 
and imbition; permeability; the water relations of plant cells; the loss of 
water from plants; translocation of water; intake of water; the internal 
water relations of plants ; the synthesis of basic carbohydrates ; fat metabo- 
lism ; the absorption and utilization of mineral salts ; protein metabolism ; 
digestion ; translocation of solutes ; assimilation and accumulation ; and res- 
piration. Lists of reference text books, manuals, and topical references for 
each section are included at the close of part I. The outline is attractive, 
and will be found quite useful. It is lithoprinted by the Edwards Brothers, 
Ann Arbor, Michigan, and may be purchased from them at a price of $1.75 
per copy. 

Problems in Soil Microbiology. — A brief monograph in the Rothamsted 
series on agricultural science has been written by Dr. D. Ward Cutler and 
Lettice M. Crump, both of the General Microbiology Department of the 
Rothamsted Experimental Station. It presents in substance the Aberyst- 
wyth Foundation lectures for the 1934r-1935 session. There are seven chap- 
ters, 104 pages, 18 figures, and a map of protozoon distribution. The 
chapter headings are as follows : The suitability of the soil for microorgan- 
isms; the bacterial population under field conditions; the relation of bac- 
teria to nitrite, carbon dioxide production by soil ; the growth of protozoa 
in pure culture; the behavior of protozoa in soil; and the interactions 
between soil organisms. This is a very attractive short treatise on soil 
microbiology, and is an illuminating addition to the available soil mono- 
graphs. The publishers are Longmans Green and Co., from whom it may 
be obtained at $3.20 per copy. 

The Algae and their Life Relations. — The University of Minnesota 
Press has issued a volume on the fundamentals of phycology which con- 
siders the phylogeny of the algae, the distribution of marine forms in time 
and space, their classification (based on pigments and food reserves), con- 
trol of algae in water supplies, and the utilization of algae as food for ani- 
mals and man. The author of this work is Dr. Josephine E. Tilden, pro- 
fessor of botany at the University of Minnesota, who has been a life-long 
student of the algae. The book is abundantly illustrated with 257 figures. 
A lengthy bibliography makes it extremely useful for those who desire to 
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consult the original sources of information. With the subject index it con- 
tains 550 pages, and is priced at $5.00 per copy. Dr. Tildbn has dedicated 
the book to her students, all of whom will appreciate this mark of her affec- 
tion for them. The book will find many friends. 

American Ferns. — ^An attractive and beautifully illustrated handbook 
for lovers and growers of ferns has been written by Dr. Edith A. Boberts, 
Professor of Botany at Vassar College, and Julia R. Lawrence. It pre- 
sents in popular form just the information that fern growers need for 
proper management of their ferns. There is a brief introductory chapter 
on American ferns, and then chapters on how to know, grow, and use ferns 
in various types of decoratiie planting. Following these chapters, one finds 
a key for identification of ferns, a table indicating the time of spore collec- 
tion and duration of greenness of the fronds, a time table for spore germi- 
nation, thallus, formation, and appearance of the sporophyte, and a table 
showing the association al distribution of the species. A helpful glossary of 
terms is included. This little book will be popular with lovers of our fern 
flora who desire to know more about them, and to enjoy personal experi- 
ences in growing them. The publishers, Macmillan Co., quote it at $2.50 
per copy. 

Pansoma. — It is inevitable, perhaps, that biological philosophy and 
speculation is to undergo modification because of our changing ideas as to 
the ultimate nature of matter and energy. An attempt at the unification 
of our philosophical ideas has been made by Dr. A. C. L^emann, of the Uni- 
versity of Geneva, whose volume of speculation bears the challenging title : 
Pansoma et la georaetrie de Tenergie. The pansome is defined as a three- 
dimensional energetic entity, indestructible and indivisible, bounded by 
pansomic surfaces, containing an absolute and constant energy, the only 
fundamental variability which it is capable of manifesting being that of 
changing its volume. Dr. L^emann then applies the idea of the pansome 
to explanations of the physical structure of atoms, the phenomena of heat, 
ether, relativity, inertia, electricity, magnetism, and radiation. 

He then passes on to apply the new philosophy to cosmology, causality, 
affinity and valence, crystallization, adsorption, the colloidal state, catalysis, 
vital phenomena, karyokinesis, organogenesis, genetics, mutations, and evo- 
lution. In the later sections he deals with nervous and muscular phenomena, 
paratonic reactions (tactisms and tropisms, etc.), and closes with an appli- 
cation of pansoma to psychology. 

Here is an unlimited opportunity to enjoy a new philosophical thrill. 
The book is written in clear style, and it is broken into many bi^ief sections 
which will facilitate reading and meditation. It comes in paper binding, 
and is issued by Libraire Georg & Co., Geneva, at a price of 15 Swiss francs. 
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Nations Can Live at Home. — ^Under this title Dr. O. W. Willcox in 
a small volume provides a solution for the problem of war. Incidentally 
the book emphasizes again his ideas as to how the agricultural lands of the 
earth should be utilized. There are eight chapters : The Malthusian bogey 
is extinct ! ; unfortunately, the Malthusian bogey is not yet extinct ; when 
agronomic science is bankrupt ; what the agrobiologist really has ; delimit- 
ing the population problem ; expanding the primary limit ; peoples beyond 
the threshold (Great Britain, Italy, Germany, Japan) ; and the price of 
peace. An appendix presents crop yield as a phase of the mass action 
law. Willcox says wars are fought for foods and raw materials. Nations 
lack foods because of incompetent agriculture. To overcome this incompe- 
tence Willcox advocates the divulgation of agrobiologic information.’^ 
He advocates this especially for the '‘sore spots” of the earth where pro- 
duction is most ineffective and population pressure most grievous. By 
bringing in agrobiologic effectiveness, nations can live at home, and not 
need to war for their supplies. 

It must not be forgotten, however, that nations that decide to be self- 
sufficient are bound to travel a hard, self-sacrificing road, which usually 
means a hard life for people generally, and a low standard of living. Nations 
can sometimes live at home, but it isn’t a desirable life if it means that the 
nation is to depend entirely upon its own resources for everything. Even 
without population pressure we would still probably have wars. Inciden- 
tally, some of the assumptions made in Willcox ’s version of agrobiology 
do not stand close scrutiny. As a cure-all for the economic ills of mankind 
it would probably fail. 

This volume is printed by the W. W. Norton Co., New York, and is one 
of a series of volumes edited by Alvin Johnson. The price is $2.75 per 
copy. 
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